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FROM THE PREFACE TO THE 
SEVENTH GERMAN EDITION 


The subject of this volume is the relationship between matter and 
ether, as expressed in the electrical structure of matter, and in the 
interaction of matter and radiation. * 

Various considerations, combined with experience gained in lec- 
turing, have led me to. choose the historical method of dealing with 
the interaction of atoms and radiation fields- — a branch of the subject 
which, thanks to wave mechanics, may be regarded as having nearly 
reached the end of one stage of its development. Even yet the Ruther- 
ford-Bohr model of the atom gives in many cases a convenient first 
approximation, and a ready means of assimilating the essential facts. 
At the same time, wave mechanics has reached a sufficient degree of 
development to be capable of indicating not duly the limitations of 
the Bohr model, but also the method of making the necessary cor- 
rections. 

As in the earlier volumes of this textbook, I have striven consistently 
to keep experimental facts in the foreground, and to carry theory 
only so far as it is needed in order to explain experimental results. 

The present volume is in this edition to all intents and purposes 
a completely new work, only a few sections on temperature radiation 
and radioactivity having been taken over from the earlier editions. 


Dresden, 

August , 1934. 


R. TOMASCHEK. 




PREFACE TO THE ENGLISH 
EDITION 


I have taken the opportunity of the publication of this edition to 
make a few corrections and improvements. With a view to meeting the 
needs of English readers, some new matter has been added. I wish to 
thank the translator for the adequate manner in which he has carried 
out his task, and hope that in its new dress the work will greatly extend 
the circle of its friends. 

R. TOMASCHEK. 


Dresden, 

August, 1935 „ 
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PHYSICS OF THE ATOM 


CHAPTER I 

The Electrical Structure of Matter 

A. The Elementary Constituents of Matter 

1. Experimental Evidence for an Electrical Structure of 
Matter 

Probably the first indication that electricity and matter are 
closely related was Faraday’s discovery (1837) that the forces arising 
from electric charges arc altered if the space surrounding them is 
filled with matter. The quantitative measure of this effect is the 
dielectric constant , and it has already been explained at length in 
Vol. Ill (i>. 99 et seq , ) how this effect of matter upon electric fields 
may he visualized. It was shown that the change observed in the 
field is caused either by the displacement of electric charges in the 
atoms or molecules- of the material substance, or else by the more or 
less complete orientation of dipoles (or more complicated charge dis- 
tributions) which were present from the first and which had been 
brought into random directions as a result of thermal motions. 
Attention was also drawn to the fact that the magnitude of the charges 
involved is of the order of the elementary charge. 

In the phenomena of pyro- and piezo-electricity (Vol. Ill, pp. 94 
and 95) we have likewise become acquainted with facts which show 
that in crystals, which by their very shapes bear evidence of a certain 
regularity of structure, such dipoles (or more complicated charge 
distributions) must in many cases be arranged in an orderly manner, 
even in the absence, of an external field. 

Faraday's second fundamental law of electrolysis (Vol. TU. p. 1 55) 
shows further t licit- the quantity of electricity transported through 
olectrolvtes bears a definite quantitative relationship to tin 4 - number 
of transporting particles. To-day we can formulate this relationship 
as follows: 

( 1 , 1 ^ 7 ) 1 2 
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ELECTRICAL STRUCTURE OF MATTER 


In electrolysis each ion carries a number of elementary electric charges 
(positive or negative) corresponding to its chemical valency. 

Further evidence for the intimate connexion between chemical 
properties and electric charge is to be found in the chemical differences 
between the differently charged ions (e.g. Cu ++ and Cu+) derived from 
the same element, and still more strikingly in the remarkable chemical 
differences between an uncharged atom and the corresponding ion as 
observed in solutions. The fact that ionic charges are always integral 
multiples of the elementary charge makes it very probable that these ele- 
mentary charges play an essential partin the structure of ions an< 1 at oms. 

The correctness of these conclusions is firmly established by the 
results of Millikan's experiment (Vol. Ill, p. 48). The changes in 
the charge of the droplet during observation are always found to be 
abrupt jumps of one elementary charge or an integral number of such 
charges. This leads to the view that the value of the charge of a uni- 
valent ion found in electrolysis is not a statistical mean, but is actually 
the magnitude of an invariable elementary quantum of electricity. 

The isolation of negative elemental charges, or electrons, free 
from material carriers (e.g. as cathode rays, Vol. Ill, p. 330) proves 
that these charges are capable of an independent existence apart from 
matter; they then have the properties of discrete corpuscles * to 
which we ascribe a certain inertia or mass (Vol. Ill, p. 322). 

These electrons obviously form constituents of matter; for it is 
possible (as has already been mentioned in Vol. Ill and as will be 
discussed in detail below) to liberate them from matter in various 
ways (Vol. Ill, p. 312), e.g. by heating, by illumination, or by bom- 
bardment with material particles or rapidly moving electrons. In 
all these cases detailed investigation (by the electric and magnetic 
deflections, Vol. Ill, p. 314) shows that the particles concerned urn 
all of one kind, namely, elementary negative quanta, of electricity 
possessing equal charges and masses. 

The existence of electrons in the interior of matter is further proved 
directly by the experiments of Touian (Vol. Ill, p. 331), who deter- 
mined the specific charge of the carriers in metals. The most important, 
evidence, however, is derived from the phenomena of the emission 
and absorption of light (or, more generally, of electromagnetic waves) 
and of the passage of light through matter. These subjects are dis- 
cussed in the present volume. 

One of the most important and illuminating contributions in this 
connexion was the discovery, through the investigation of the effect 
of a magnetic field on the emission of light (the Ziokmax effect (bSOO); 
see Vol. IV, p. 25G, and this volume, p. 203), that the charges respon- 
sible for the emission of light by matter are negative elementary 
charges or electrons. 

* Lat. rarjntticulti, a particle. 
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2. The Problem of Atomic Structure 

The Elementary Constituents of Matter. — The evidence outlined 
in the preceding section' proves beyond doubt that the electron, with 
its charge of 1*59 X 10 -19 coulomb and mass of m 0 = 8-98 X 10~ 2S 
gm., is a constituent of matter. Comparison of the mass of an 
electron with that of a hydrogen atom, namely, m H = T662 X 10~ 24 
gm., shows that the former is very much the smaller. Now it has 
never been found possible (e.g. in positive-ray experiments or in 
electrolysis) to obtain hydrogen ions in which the original neutral 
hydrogen atom has lost more than one electron. From this we con- 
clude that the hydrogen atom contains only one electron. The hydro- 
gen ion H+, however, is the lightest material particle ever found. 
Matter subdivided into smaller masses than II h = 1-6G1 X 10~ 24 gm. 
is unknown. The hydrogen ion carries a positive charge equal in mag- 
nitude to the negative charge of an electron, and is called a proton. 
Whether the mass of the proton is of purely electromagnetic nature 
like that of the electron, and indeed whether such a question has any 
real meaning, as yet remains unknown (see below). 

Without further evidence it is in the nature of a hypothesis to 
assume, as Prout did (1815-16), that hydrogen atoms (or, in the 
light of our modern knowledge, protons) are elementary constituents 
of matter. If this hypothesis is true, we deduce at once that the atomic 
weights of the chemical elements must be integral multiples of the 
atomic weight of hydrogen. Since the chemical evidence shows that 
this is not the case, the hypothesis was at iirst quite rightly abandoned. 

Unexpectedly, however, the experiments of Aston (Vol. Ill, 
p. 345, and this volume, p. 102) showed that the masses of individual 
atoms are actually multiples of the mass of the hydrogen atom and 
that the majority of the chemical elements consist of a mixture of 
chemically similar atoms of different masses (is of opes). For the very 
small deviations see p. 104. 

Thus material bodies are made up of proions and electrons. Recently 
other particles have been observed (p. Ill) which, though neutral and 
possessing approximately the mass m n , are not hydrogen atoms. They 
are called neutrons. They are perhaps to be regarded as verv close 
unions of protons and electrons; it is possible, however, that their 
nature is quite different, in which case they would have to bo regarded 
as a third constituent of matter (p. 106). 

Since protons and electrons attract, one another with extremely 
large forces*, there must be repulsive forces at work within the 
atoms in order to preserve equilibrium. The nature of these forces 

* The Coulomb force of attraction between two elementary charges, assumed to 
be points, at a distance of 1 < ) « cm. apart (the approximate magnitude of atoms, 
<d . \ol. II, p. n.J) is '2-lli lO A dyne. The sum ol tin* forces for one gramme-atom of 
hydrogen atoms is therefore 14 I0-" dynes or 1400 billion kg. \vt. 



Table I— The Periodic Table or the Elements 


The numbers preceding tie symbols are tie atomic numbers. Below them are the atomic weights. 


Period 

Group l 

Group 11 

Group III 

Group IV 

Group V 

Group VI 

Group VII 

Group VIII 

Group O 

1 1 H 

: i« 



! 

| 

i 




2 He 

4-00 

11 | 3L > 

1 li-'JI 

4 Be 

SI-02 

5 B 

1II-S2 

6 Cj 7 X 

Pi-00 14-0118 

80 

16-00 

9 F 
10*00 


10 Ne 

20-18 

HI 

1 

11 Xa 

SHIfl 

12 % 

24-32 

13 A1 

-li-il 7 

14 Hi 

20-00 

15 P 

31-02 

16 S 

32-00 

17 Cl 

35-40 


18 A 

30-04 

IV 

19 K 

3IHW 

20 Ca 

40-OS 

21 8c 

15-10 

22 Ti 

17-mi 

23 V 

.uni; 

24 Cr 

52-01 

25 In 

54-03 

26 Fe 27 Co 281 

55-84 58-94 58-60 


29 Cu 

30 h 

(i.rllS 

31 Ga 

lid-72 

32 Ge 

72-60 

c*o 

34 Se 

18-11 

35 Br 

19-92 

l 

36 Ir 

83-1 

V 

1 VI 

- i 

37 11b 

S5-H 

38 Sr 1 

S7‘(!:3 

39 Y 

98-02 

40 Zr 

91-22 

41 Cl) 

9:5-3 

42 Mo 

06-0 

43 Ma 

m 

44 Bu 451 46 Pd 

101-7 102-9 100-1 


47 Ag 48 Cd 

107-ss 1124 

49 111! 

114-S 

50 Sr 
118-1 

51 Sb 

121-8 

52 Te 

121-5 

53 1 

126-98 


54 Xe 

131-3 

55 t's 

132-11 

56 Ba 

1:574 

157-71 

1 Rare earths 

72 Hf 

118-6 

73 Ta 

1814 

74 W 

181 

75 Re 

186-3 

76 0s 77 Ir 78 Pt 

191-5 193-1 195-2 


79 Au 

liVrl! 

80 Hg 81 Tl 

2iHMi ' _044 

82 Pb i 83 Bi 

207-2 : 200-0 

84 Po 

(210) 

85 - 


86 Rn 

Y „ ! 87 - ; 88 Ra 89 Ac |90Th 91 Pa 

220-0 ;ra .2:12-1 i (2:11) 

! 1 f P' 

92 U 

238-1 





p a 57 La 58 Ce 59 ft 60 Xd 61 11 628m 63 En 64 Gd 65 Tb 66 D v , 67 Ho 68 Er , 69 Tm ! 70 Yb 71 Lu 
‘ ‘ km him mm m-3 - . mm ik-o 1 157-3 ! 159-2 ! 102-5 I 103-5 107-6 1 wh | 173-0 1 175-0 
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still remains unknown. By analogy with the stability of the solar 
system we may assume the existence of centrifugal forces, and suppose 
that the charges revolve round one another. Certain facts connected 
with magnetism lend support to this theory. Alternatively we may 
suppose the cause of the repulsion to lie in vortex motions situated in 
the elementary charges themselves (Vol. III, p. 50). Perhaps both these 
causes are operative. There is no doubt, however, that some kind of 
motion is going on inside atoms; the equilibrium is dynamic, as is 
shown by the <£ spin 55 properties of the elementary constituents (p. 312). 

Periodic Properties of the Elements. — The fact that the difference 
between the elements, e.g. between iron and gold, is due only to a 
difference in the number and arrangement of identical elementary 
particles, is brought out with especial clearness if we consider the 
similarities and relationships which exist among the elements. Thus, 
for example, all the alkaline earth metals. Be, Mg, Ca, Sr. Ba, Ra, 
exhibit great chemical similarities, in spite of their very different 
atomic weights. They are all chemically divalent, strongly electro- 
positive, metallic, have rather low melting-points and boiling-points, 
low densities, similar spectra, and so on. 

If the elements are numbered in the order of increasing atomic 
weight, it is found that the differences between the numbers belonging 
to successive alkaline earth metals are respectively 8. 3, 18, 18. and 32. 
Most of the other groups of related elements give the same series of 
differences. All these relationships find expression in the so-called 
periodic table , which is reproduced in Table I. In this the elements 
are arranged from left to right in the order of increasing atomic weight. 
Elements which are related to one another fall into vertical groups 
It is found that in this way all tlie elements can be satisfactorily 
accommodated in definite places, although in order to accomplish this 
it is necessary in three cases (A— K; Co— Xi; Te — I) to invert the 
order of atomic weights. These inversions are- definitely dictated by 
the chemical and other properties of the elements in question, mid 
indicate that the atomic weight is not really the characteristic quantity 
underlying the properties which are summarized in the periodic table. 
This matter will be explained later (p. 7(i). It is also found that two 
places in the table must be left vacant. These obviously belong to 
dements which have not yet been discovered. When the table was 
originally compiled (Lotjiar Mkver and Mexdelkeff) there were 
a number of vacant places. All except the two just- mentioned have 
been filled by nevvlv-discovored elements possessing the properties 
anticipated. Each element can accordingly be given a number, the 
atomic number Z . according to its position in the periodic table. In 
Table I the atomic number of each element immediately precedes the 
symbol, while the atomic weight- is given below. For the names of 
the elements see Table II. 
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Table II. — The Elements and their, Atomic Weights 


Element | 

Symbol 

Atomic 

Number 

Atomic 

Weight 

Element 

Symbol 

Atomic 

Number 

Atomic 

Weight 

Aluminium 

A1 

13 

26-97 

Molybdenum 

Mo 

42 

96-0 

Antimony 

Sb 

51 

121-76 

Neodymium. 

Nd 

(30 

144-27 

Argon. 

A 

18 

39-944 

Neon 

JNc 

IO 

20- 183 

Arsenic 

As 

33 

74-91 

Nickel 

Ni 

28 

58-69 

Barium 

Ba 

56 

137-36 

Nitrogen 

N 

7 

1 4-008 

Beryllium 

Be 

4 

9-02 

Osmium 

Os 

76 

191-5 

Bismuth 

Bi 

S3 

209-90 

Oxygen 

O 

8 

16-0000 

Boron 

B 

5 

10-82 

Palladium 

Pd 

46 

106-7 

Bromine 

Br 

35 

79-916 

Phosphorus 

I* 

15 

31-02 

Cadmium 

Cd 

48 

112-41 

Platinum 

Ft 

78 

195-23 

Caesium 

Cs 

55 

132-9 

Potassium 

K 

19 

39- 10 

Calcium. 

Ca 

20 

40-08 

Praseodymium 

Pr 

59 

140-92 

Carbon 

C 

6 

12-00 

Radium 

Ra, 

88 

225-97 

Cerium 

Ce 

58 

140-13 

Radon 

K 11 

86 

222 

Chlorine 

Cl 

17 

35-457 

Rhenium 

Be 

75 

186-31 

Chromium 

Cr 

24 

52-01 

Rhodium 

Kb 

45 

102-01 

Cobalt 

Co 

27 

58-94 

Rubidium 

Kb 

37 

85-44 

Columbium 

Cb 

41 

93*3 

Ruthenium 

Ku 

44 

101*7 

Copper 

Cu 

29 

63-57 

Samarium 

Hin 

62 

150-43 

Dysprosium 

Dy 

66 

162-46 

Scandium 

He 

21 

45- IO 

Erbium 

Er 

68 

167-64 

Selenium 

He 

34 

78-07 

Europium 

Eu 

63 

152-0 

Silicon 

Hi 

14 

28-06 

Fluorine 

F 

9 

19-00 

Silver 

Ag 

47 

107-880 

Gadolinium 

Gel 

64 

157-3 

Sodium 

hii 

11 

22-097 

Gallium 

Ga 

31 

69-72 

Strontium 

Hr 

38 

87*63 

Germanium 

Ge 

32 

72-60 

Sulphur 

H 

16 

32*06 

Gold 

An 

79 

1 97-2 

Tantalum 

Ta 

73 

181-4 

Hafnium 

Hf 

72 

178-6 

Tellurium 

Te 

52 

127-6 

Helium 

He 

2 

4-002 

Terbium 

Tb 

65 

159-2 

Holm in in 

Ho 

67 

163-5 

Thallium 

T1 

8 1 

2( >4-39 

Hydrogen 

H 

1 

1-0078 

Thorium 

Tb 

90 

232- 12 

Indium 

In 

49 

114-8 

Thulium 

Tin 

6<) 

1(59-4 

Iodine 

I 

53 

1 2(5-92 

Tin 

H 11 

50 

118-70 

I rid iu m 

Ir 

77 

193 1 

Titanium 

Ti 

22 

47-90 

Iron 

Fe 

26 

55-84 

Tungsten 

^V 

74 

i 184-0 

Krypton 

Kr 

3(5 

i 83-7 

Uranium 

V 

j 92 

238-14 ! 

Lanthanum 

La 

57 

■ 138-02 

Vanadium 

X 

1 23 

50-95 ! 

Lead 

Pb 

82 

! 297-22 

Xenon 

Ac* 

i 54 

131-3 ! 

Lithium 

Li 

3 

! 6-040 

Ytterbium 

XU 

70 

l 173-0 ; 

i Lutecium 

Lu 

71 

1 175-0 

Yttrium 

Y 

39 

! 88-92 ; 

; Magnesium 

Mg 

12 

24-32 

Zinc 

An 

30 

- ( >5-38 | 

, Manganese 

Mn 

25 

54-03 

Zirconium 

2r 

40 

01-22 i 

Mercury 

Hg 

80 

200-61 

i 






The chemical valency is constant throughout each group. As wo 
pass from a given group to the next on the right, the valency with 
respect to oxygen always Increases hy one (Xa 2 0 , MgO, AL() ;i , >Si() 2 , 
P 2 (L. S 0 3 , CU) 7 )_ There is also in the same direction a correspond- 
ing increase of the charge on the positive ions of these elements. The 
valency with respect to hydrogen, 011 the other hand, decreases by one 
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as we pass from one group to the next on the right (HF, JI 2 CL NE 3 , 
CH 4 ), and there is a corresponding decrease in the charge on the nega- 
tive ions of these elements. The valency characteristic of the group is 
usually the most important valency exhibited by the elements con- 
cerned; but sometimes it is one which, though occurring in certain 
compounds, is not the commonest or most important (e.g. CU0 7 ). 
This is true in particular for the so-called “ sub-groups ” (e.g. Cu, 
Ag, Au), which in Table I are slightly displaced relative to the main 
groups. Thus, for example, Cu is univalent in some compounds, though 
the commoner valency is two. The reasons for this will be discussed 
in detail later (p. 341). It is also remarkable that the place for lan- 



Fig. i . — Periodicity of effective atomic diameters (the smallest distances between atoms in 
crystals. The points for hydrogen and the inert gases — shown as circles — refer to the “ true ” 
atomic diameters calculated from ionization potentials). 


t-hanum (Z = 57) accommodates, in addition a group of fifteen elements, 
the so-called rare earths, which chemically are all extraordinarily 
similar. The principal valency of the rare earths is three, so that they 
belong to Group III of the tabic. 

Group O contains the inert gases, which do not react chemically 
at all. In the form of the periodic table given in Table I the corre- 
sponding sub-group is formed by the so-called Group VIII: this con- 
tains elements which may exhibit a valency of eight', but may also in 
certain circumstances be very inert chemically (the platinum metals; 
16 passive” iron, cobalt, and nickel). The inclusion of iron, which is 
usually di- or trivalent. in this group shows that the form of the periodic 
table given here is somewhat artificial. For this reason other forms arc* 
often preferred, in which the sub-groups do not appear as such but 
are inserted between the main groups. The so-called long periods 
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then extend over 18 groups. A full explanation must "be reserved for 
a subsequent occasion (p. 334). The student cannot be too strongly 
recommended to keep in his mind’s eye the mutual 'relationships of the 
elements expressed in the periodic table. An intimate acquaintance 
with this classification forms an effective key to a more complete 
knowledge of the structure of atoms. 



Fig. 2.- — -Periodicity of melting-points 


Two examples may he given to show how marked the periodicity 
of properties amongst the elements is. In figs. 1 and 2 the abscissae are 
atomic numbers, while the ordinates are respectively atomic diameters 
and melting-points. The remarkable periodicity is at once obvious, 
and is seen to coincide (maxima in fig. I, minima in fig. 2) with the 
principal groups in Table I. 

Arrangement of the Elementary Constituents. — In the light of 
what has been said above, the manifold differences in matter, as 
exhibited in the 92 different chemical elements, are to be regarded 
as due simply to different arrangements of elementary electric charges 
and masses. The enormous qualitative differences, e.g. between 
chlorine and iron, must be thought of as resulting from a difference in 
the number and arrangement of certain fundamental constituents. 

Hence our most important problem is that of obtaining a quanti- 
tative knowledge of the number and arrange* rent of the elementary 
constituents and of the forces ami motions within atoms and -mol exudes. 
To some extent it is possible to draw conclusions concerning these 



PROBLEM OF ATOMIC STRUCTURE 


9 


quantities from tie macroscopic behaviour of matter, he. from pheno- 
mena involving a very large number of molecules simultaneously 
(e.g. dielectric constant, &c.). More detailed knowledge is only to be 
expected, however, from experiments on tie behaviour of the electro- 
magnetic fields within tie atom. For such experiments it is necessary 
to use testing bodies which are themselves small as compared with tie 
dimensions of tie fields under investigation. Rapidly moving elec- 
trons (cathode rays) and corpuscles such as H + (protons) and more 
especially He f+ (the so-called a-particles) have proved most suitable 
in this connexion (see pp. 15 and 81). In particular, investigations 
with cathode rays laid the foundation of the theories outlined above. 
There is one group of phenomena, however, in which the electrical 
structure of matter and the enormous energies involved are exhibited 
spontaneously without human agency. These phenomena, which are 
classed together under the name of radioactivity, will now be con- 
sidered in more detail. 


B. Radio activity * 

3. Fundamental Phenomena 

Historical. — When X-rays were discovered (see Vol. Ill, p. 347) it was 
observed that they always emanated from the fluorescent- spot on the glass wall 
of the discharge tube. Acting on the assumption that there must be some intimate 
relationship between X-rays and fluorescence, H. Becqi:erel f ( 1S95) made 
experiments to find out whether the strongly fluorescent uranium compounds 
emit X-rays after "bombardment with cathode ray a. His anticipations were 
apparently confirmed, for he found that a piece of potassium uranyl sulphate, 
which had been exposed to cathode rays and subsequently wrapped up in black 
paper, blackened a photographic plate upon which it was placed. 

To his astonishment he subsequently found (181H5) that the uranium com- 
pound exhibits this property even in the absence of previous treatment with 
cathode rays or any other agency. Further investigation showed that the pro- 
perty discovered by Becquerel and now known as radioactivity bears no causal 
relation to fluorescence whatever, but- is characteristic of the element uranium 
itself. Neither exposure to any other kind of rays, nor heating, nor any sort of 
electrical treatment is required to make uranium radioactive. The uranium 
gives out its rays ‘ 4 spontaneously ”, i.e. without energy being supplied from 
outside. 

The rays emitted by uranium are very similar to X-rays. in that 
they can pass through opaque objects and blacken a photographic* 
plate thereafter. A further similarity is to be found in the fact that the 
rays render air conducting. This latter property provides a convenient 
method for measuring the intensity of the radioactivity and comparing 

* Only tin* main a. sports of radioact iv it y art 1 treated here. A eonsideiaible amount 
of further information on the subject vill be given later; see especially pp. 7S, 

t H knr! JiKt'gi'KRKL (]Sf)2-hK>K) wiU latterly Professor at the TcoLe Polytechnique 
in Paris; his father, Ai.exani>kk Kdmosd EitEi. (died 181)1 ), and his grandfather, 

Antoine Ceha r B ecq ckk i;l plied 1878), were also well-known physicists. 
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it with the effects of X-rays. Another fact with an. important bearing 
on the investigation of the rays is that they produce a fluorescent 
glow in certain substances, particularly zinc sulphide containing copper 
(used in the so-called Sidot screens). 

Radioactivity can be demonstrated in a very simple manner by 
means of the apparatus shown in Vol. Ill, fig. 7, p. 302, using a sensi- 
tive electrometer. If the potential is taken so high that the saturation 
current (Vol III, p. 303) is reached, all the carriers generated by the 
radioactive rays are captured, and the current strength is then a 
measure of the radioactivity of the substance under investigation. 
A further very informative method that may he mentioned here is 
the "Wilsoin cloud-chamber method (Vol. Ill, p. 311), in which the 
radioactive rays are made to leave visible tracks. Numerous appli- 
cations of these methods will be met with in the present volume. 

By investigation of the conductivity produced in air, Pierre 
Ctjbie and his wife * found that the radioactivity of pitchblende and 
a few other minerals exceeds that of uranium in intensity. Pitchblende 
is the mineral from which uranium is chiefly obtained. The residues 
obtained in the preparation of uranium, previously thrown away as 
useless, were found to he particularly radioactive, their intensity 
being about four times that of uranium itself. 

The two Curies quite rightly deduced that these residues must 
contain some substance with extremely high radioactivity. As their 
raw material they took the pitchblende residues from Joachimsthal in 
Bohemia, from which the uranium had been extracted. This they 
divided into two fractions by chemical methods and investigated 
which possessed the greater radioactivity. This procedure was then 
repeated a great many times, the more radioactive fraction being 
retained each time. In this way thej^ were able as early as 1898 to 
obtain a substance possessing an activity many thousands of times 
greater than that of uranium. This substance appeared to he chem i- 
cally identical with bismuth, from which it differed only in its great 
radioactivity. To the substance giving rise to this activity, which 
she regarded as a hitherto unknown metal resembling bismuth, ]\lme 
C'uri E gave the name polonium. It has since been found possible to 
obtain polonium in a chemically pure state. 

* Pi krre CVrie (1850—190(5), bom in Paris, studied sit theSorbonno, from IHilfi to 
1900 was Professor of Physios and Chemistry at the Municipal ( \>lle<£e sit Paris, smd 
from 1900 to 1906 Professor at t he Sorbonnc. Together with his brother A K.v N Ci hik he 
diseovered and investigated piezo-eleetrieity, i.o. t he elect rifioation of crystals as a 
result of tension or pressure. In 1895 he married M arik Sklodowska ( 1 807- 1 9B+), 
i\ former Polish student at the Sorbnnne. In 190+ she* obtained her doctorate- with 
an extensive memoir on radioactive substances. After the death of her husband in an 
accident she was appointed to his professorial chair and was made director < >f the 
Radium Institute in Paris, and held these posts until her death. Alone; with her hus- 
band and Hhin’ri Bkoqi'krel she shared the Nobel Prize in Physics in 1004. In 1911 
she was awarded the Xobel Prize in Chemistry — the only instance hitherto of a second 
award. 
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Only six months later the two Curies in collaboration with 
B^mont succeeded in separating from the uranium mineral a second 
very highly radioactive substance, chemically related to barium. 
This is obtained from pitchblende along with barium "by precipitation, 
after which it is separated from the barium by a very careful process 
of fractional precipitation. The Curies succeeded in isolating this 
new substance in the form of compounds with chlorine and bromine. 
They named it radium. The radioactivity of radium is approximately 
a million times stronger than that of uranium. 

Eadium exhibits all the properties of an alkaline earth metal 
(e.g. it has a very sparingly soluble sulphate and carbonate), and 
forms the last member of Group II of the periodic table. Its atomic 
weight (first determined by Hootgschmiid * in 1914) is 225-97; its 
atomic number is 88. 

Eadioactive properties nearly as strong as those of uranium are 
also possessed by thorium and its compounds, as was shown almost 
simultaneously by Ime Curie and Gr. C. Schmidt f in 1898. This 
can easily be demonstrated by placing a gas mantle, 99 per cent of 
which consists of thorium oxide, near a charged electroscope; the 
electroscope is discharged in a short time. 

Of the remaining elements, so far as we know at present, only 
three are radioactive. Potassium and rubidium have for some time 
been known to exhibit a small but definitely demonstrable radio- 
activity. It has not been found possible to explain this as due to the 
presence of some known radioactive substance as an impurity; it 
seems certain that the radioactivity of these two metals is an intrinsic 
property. This is especially remarkable in that the other radioactive 
elements are characterized by a high atomic weight, whereas the 
atomic weights of potassium and rubidium are relatively low. 

Samarium (atomic number 62, atomic weight 150-43), an element 
of the rare earth group, has also been recently shown to be radioactive 
(Heyesy, 1933). 

Me can now say in recapitulation that the following well-known 
chemical elements are spontaneously radioactive: uranium, thorium, 
samarium, rubidium and potassium. To this list must be added about 
forty short-lived substances produced by the transformation of those 
just mentioned (see below). 

Radioactive Transformations. — From the discovery of radioactivity 
onwards, the most difficult question has been that of the source of 
the energy of the rays emitted by radioactive bodies: for at first 
neither diminution of activity nor decrease of mass could be observed. 

* Otto Ho nmjso hmi i>, up to 1!H8 sit the Herman Teelmii-al College in Pra<_rue, is 
now Profe.ssnr of -Analytieal C’honiistry at Alunu-h. 

t (1 . t\ Schmidt, born 185;“), at the time of the discovery at Erlangen, is now Pro- 
fessor of Physics nt Munster. 
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The first step towards a recognition of the origin of radioactivity 
was taken by Becqueeel, although lie himself scarcely realized that 
his experiment would he of such a fundamental nature. Bbcqueeel 
treated the solution of a uranium salt with excess of ammonia. Most 
of the original precipitate redissolved in the excess of ammonia, hut 
a small insoluble residue remained. Having separated the two con- 
stituents by filtration, he investigated the radioactivity of each in 
turn. In this way he found that the soluble part was no longer active 
and that only the small residue, which he called uranium-X, exhibited 
radioactive properties. On standing , however, the uranium salt recovered 
from the solution gradually regained the whole of its radioactivity , while 
the uranium-X lost its activity in the same degree. 

Soon after this Eutheefoed * and Sox>dy f (1900) carried out 
similar experiments with the radioactive element thorium, which they 
likewise separated into an inactive component and an active com- 
ponent, called thorium-X. The inactive thorium regained its activity 
completely after some time, while the thorium-X changed anew into 
a number of other substances, one of which was proved with certainty 
to be a gas. All these new substances were radioactive. The radio- 
active gas discovered by these two workers was called by them 
thorium emanation. 

In the same year it was found by Dork J that radium also gives 
rise to an emanation. This he prepared in a manner similar to that of 
Rittherforo and Soddy for thorium emanation. 

The experimental condensation of radium emanation can be conveniently 
carried out with the apparatus shown in fig. 3. The* vessel A contains an aq neons 
solution of radium bromide, while the vessels IB and C contain zinc blonde, a 
substance which gives an intense fluorescence. The whole apparatus having been 
evacuated to a medium degree through the tap R, all three taps are closed and 
the vessel C is dipped into liquid air. After a time the tap between A and B is 
opened, whereupon the zinc sulphide in B immediately glows brightly. The 
tap between B and 0 is now also opened, and the zinc sulphide in 0 at once glows, 
while the glow in B diminishes. The tap between A and is then closed, with 
the result that the glow in 13 vanishes completely after a short time, the emana- 
tion having condensed to a liquid in C. The tube is finally taken out of the 
liquid air, and the emanation vaporizes and distributes itself between J5 and C. 

* Ermest EmiERroEi), born at X els on, Xew Zealand, in 1871, studied in Now 
Zealand and Cambridge. In 1894 he became Professor of Physics at IVleCill Fnivonsity, 
Montreal, in 1907 Professor at Manchester, and since H)19 lias been Professor of 
Experimental Physics and Director of the Cavendish laboratory at C 'am bridge. He 
was knighted in 1914 and raised to the peerage as 35a. Ron - Ruthkr ford ok X l-a.snx 
in 19,31. He has carried out and directed a groat deal of research in atomic physics, 
and received the Nobel Prize for Chemistry in 1908. 

t Fredeeick Roddv, born 1877, from 1900 to 1903 occupied a position at MedilL 
h ruversity, Montreal, where Ik* carried out research -with R I'pu krf< ntn. lit* Inter 
worked with SmWiLUAii Ramsay. From 1904 to 1914 he held a lecturership at (Jlas- 
gow. from 1914 to 1919 was Professor at Aberdeen, and is now Professor of Inorganic 
and Physical Chemistry at Oxford. 

£ E. F- UoRX (1848— 191 6), Professor of Physics at Halle. 
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If C is once more dipped into the liquid air, all the emanation returns to this 
part of the apparatus. 

If the tap between A and B is left shut, the glow of the zinc sulphide slowly 
dies away, the radioactivity of the emanation falling to half its initial value in four 
days . During this time new emanation is generated in A, as 
can he shown by opening the tap between A and B and 
letting the gas flow through into the other vessels. Radium 
emanation (more recently called radoyi) behaves chemically 
as an inert gas and is therefore placed in Group O of the 
periodic table. 

The fact that radium emanation spontaneously 
loses its radio activity may be explained by assum- 
ing either that the emanation itself disappears or 
else that it becomes transformed into a new non- 
radio&ctive substance. In order to settle this doubtful 
point, Ramsay * and Soddy enclosed a small quan- 
tity of emanation, condensed by means of liquid air, 
in a discharge tube and examined its spectrum at 
regular intervals. After four days they observed 
spectral lines due to helium, which certainly had not Fig-. 3 . — Apparatus 

been present originally. From this Ramsay and p^opeitS^f 'radon!" 6 
Soddy deduced that the helium had been formed 
from the radium emanation itself. The experiment has been repeated 
many times, notably (in a modified form) by Rutherford (p. 17), and 
Ramsay’s conclusion has been established beyond question. 

From all these experiments it follows with certainty that the 
emission of rays by a radioactive body is accompanied by a transfor- 
mation of the matter of which the body is composed. 

Rutherford was the first to recognize this transformation as the 
origin of radioactive phenomena. According to his view, which is 
now firmly established oti the basis of experiment, the atoms of a 
radioactive element are disintegrating continuously, and it is this 
disintegration that provides the energy for the rays emitted. 

Further Transformations of Radioactive Substances. — Radium is 
continuously emitting rays and at the same time generating radium 
emanation (the inert gas radon). As a rule this radon does not- com- 
pletely escape from the solid radium salt, hut remains occduded in it 
to a great extent- The radon then disintegrates further; we have 
already seen that it gives rise to helium. 

Helium, however, is only one of the resulting products. It is found 

* Nir William Ramsav (1S,“>2— M)1 (i) .van bom in Glasgow. From 1S72 on van is 
he occupied aeu< It* in ir positi ns in Ulasrow, in 1KSI) was appointed to the eh air of 
Chemistry at Hristol, and ii IKS7 been it- Professor* at University College. London, 
a position which In* held until his resig i ill lULi. He was awarded the A'nbd 

Prize for Chinn ist ry i 11 l!H)4. I I is resea re ver a wide lie-id, including the chemistry 

of alkaloids and the vapour j -essure and \irf<: e t ension t >f liquids. He also, i n associa- 
tion with Lord Rayleigh, dis overed argon an 1 other rare gases in the atmosphere. 
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that any substance which comes into contact with tlie emanation, 
itself becomes “infected”, as it were, with radioactive properties. 
This leads ns to assnme that the gaseous radon itself breaks down 
further, giving rise to a solid w r hich is deposited on bodies brought 
into contact with the radon. 

It has been, found possible to concentrate this active solid by intro- 
ducing into the vessel containing the radon a wire which is kept at a 
negative potential of several hundred volts relative to the rest of tie 
vessel. The radioactive product, which is known as 'radium A , is then 
deposited mainly upon the wire. Radium A in turn gives rise to further 
disintegration products, called RaE, RaC, . . . , RaF in order. 

The various products are to a great extent retained (occluded) in 
the original radium salt, and hence the rays emitted consist of those 
due to radium itself together with those of all its disintegration pro- 
ducts. This naturally introduces very great difficulties into the investi- 
gation of the properties of radium and the substances produced from 
it by disintegration, unless it is possible to separate these products 
from radium and from one another. 

Radon can be separated completely from the parent radium salt 
by dissolving the salt in water and boiling the solution for a long time. 
In this way the gaseous radon is all boiled off, and the residual solution 
contains the radium salt together with the later disintegration products 
RaA, RaB, and RaC. (The subsequent products axe of minor impor- 
tance in this connexion, as their radioactivity is feeble in comparison 
with that of radium itself). RaA, RaB, and RaC, however, have very 
short life-periods, and after about four hours only a negligible quantity 
of them remains. Subsequently, therefore, the solution emits practi- 
cally nothing but the rays due to radium. 

4. The Rays emitted by Radioactive Elements 

Complex Nature of the Rays. — -For the purpose of investigating 
their rays, radioactive substances are placed in small boxes made of 
vulcanite or lead and provided with a very thin mica window. If the 
walls of the box are thick and made of lead, they absorb the rays 
falling upon them, so that rays cannot escape except by passing through 
the thin mica window. 

In fig. 4 B represents a lead box containing a small quantity of 
radium bromide or chloride. Out through the window in the top of 
the box there passes a narrow beam of nearly parallel rays. The appli- 
cation of a magnetic field with its lines of force perpendicular to the 
plane of the figure in the direction away from the reader causes the 
beam to split up into three quite distinct parts. This may be proved 
experimentally by means of photographic- plates in suitable positions. 
The three different kinds of rays are called cx-rays, (3-rays, and y-rays. 
The a-rays are deflected by the magnetic field very slightly to the 



RAYS EMITTED BY RADIOACTIVE ELEMENTS 


15 


left in the figure, the /krays are deflected strongly to the right, while 
the y-rays are not deflected at all, but continue in a straight line. 

The deflection of the a -rays is con- 
sistent with the view that they form 
a current of positive electricity. 

Thus their behaviour in the magnetic 
field is similar to that of canal rays 
(positive rays). The /3-rays, like cathode 
rays , are deflected like a current of 
negative electricity. The y-rays be- 
have in general like extremely hard 
X-ray si for instance, they can pass 
to a considerable extent even through 
fairly thick plates of lead and steel. 

Corresponding differences in the be- Fte- 4 . -'The effect of a magnetic 

. . ^ ° -1 field perpendicular to rhe plane of the 

havionr OX <X - 3 p- and y-rays can also figure upon the different types of rays 
be observed in Other circumstances, emitted by radioactive substances. 

e.g. in an electrostatic field. 

The penetrating power of a-rays is only very slight: they are 
actually stopped completely by a thin sheet of paper. Under the same 
conditions /3-rays are absorbed to a, much, smaller extent, while y-rays 
are not appreciably affected at all. Correspondingly, the distances 
travelled by the different kinds of rays in air (their so-called ranges 
in air) are very different (p. 18). In passing through a gas the rays 
give rise to carriers of electricity (ions), a fact which makes it possible 
to observe their tracks in a Wilsox cloud-chamber. The cloud-tracks 
of the different kinds of rays can readily be distinguished from one 
another (cf. Vol. Ill, p. 337, and this volume, p. 19). See further p. 37- 

Scintillation. — If a small quantity of a radioactive substance is 
placed at a short distance from a fluorescent zinc blende screen and 
the screen is then examined with a lens, an irregular flashing of tiny 
individual sparks is observed. Crookes,* who was the first to 
describe these flashes (March, 1903 i), called them scintillations. 
The scintillations produced by a -rays arc especially brilliant- The 
fact that the effect is made up of separate and distinct flashes indicates 
that the a-rays themselves consist of a stream of separate and distinct 
particles (a-particles). The scintillations produced by /brays are much 
feebler and scarcely recognizable as individual flashes. Finally, y-rays 
give 110 scintillations, but only a continuous glow on the screen. All 
three kinds of rays also affect a photographic plate. 

a-Rays. — Information as to the nature of a- rays is obtained by 

* Sir Wujli.am Crookes ( 1 1 <il 9), at first professor at the Training College at. 

Chester, later for many yoars I h'esiden t of the Society of Chemical Industry. See 
also footnote, Vol. JLJ, p. T12S. 

t They had previously been investigated in detail by Ulster and (.1 i-itel. 
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quantitative investigation of their deflection in electric and magnetic 
fields, as explained in VoL III, p. 314 et seq, A Wilson- cloud-track 
photograph showing the magnetic deflection of arrays is reproduced 
in Vol. III, fig. 55 ? p. 337. The method of superimposed electric and 
magnetic fields gives one and the same value of e/m for the a-rays 
from the most widely different radioactive substances. This value is 
4*8 X 10 4 coulombs per gramme. Comparison with the value of e/?n 
obtained for the proton (Vol. Ill, p. 346) shows that the cx-ray value 
is just half the proton value. From this we conclude that the a-particle 
either has mass 2 and a single elementary charge or else has mass 4 
and two elementary charges. In order to settle which of these two 
alternatives is correct, it was necessary to determine either e or m 
independently. 

The direct measurement of e for a-particles was made in 1908 by 
Eijtherford and Geiger, and by Regener.^ The last-named had 
shown earlier that practically every a-particle which strikes a properly 
prepared phosphorescent screen of zinc sulphide causes a flash of light. 
He was thus able to find the time average of the number of particles 
falling upon a given area simply by counting the flashes, while the 
charge carried by this number of a-particles could be determined 
separately. 



G-EiaER originated another and more reliable method of counting 
a-partic*les. This is by means of the Geiger counter (Vol. Ill, p. 3730), 
which consists of a cylindrical condenser with a wire for the inner 
central electrode. Between the electrodes a potential slightly lover 
than that required to produce a discharge through the air dielectric 
is applied. The rays under investigation enter the counter through a 
window of thin foil. Every time an a-particle enters and renders the 
air conducting there is a sudden brief discharge, which can be observed 
by means of an electrometer. Tbe number of these brief discharges 
is equal to the number of a-particles passing into the counter. 

Fig- shows a photographic record, taken upon a moving film, of the electro- 
meter “ kicks ' ,1 eaused by tke entry of oc-particles into a counter. The upper 

* Kkicii Rkoexkr bet a nit’ Professor at Berlin in 11)14, and iir !£);?{) went to tlio 
Technical at Stuttgart. 
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record was taken with a rate of entry of 600 a -particles per minute, the lower 
record with 900 per minute. The film was moved past the recording instrument 
at a speed, of about 150 cm. per minute. A few of the deflections are clearly seen 
to have twice the normal amplitude. These correspond to the entry of two 
oc-particles almost at the same instant. 

By the above methods it was found possible to determine the 
magnitude of the positive charge on a single a-particle. The value 
obtained is twice tbat of the charge on an electron, i.e. 2 X 1*59 X 10~ 19 
coulombs. 

From this it follows that we are dealing with particles with a 
double positive charge and mass 4. But this is the atomic weight of 
helium; hence o-partieles must be doubly charged helium atoms, 
i.e. He ++ . If this is so, then helium must be produced in the neigh- 
bourhood of a radioactive substance emitting <x-rays. This is exactly 
what Ramsay and Sonny actually observed (p. 13). The pro- 

duction of helium was also demonstrated by Etjtherford in the 
following way. 

A minute quantity of radium was sealed up in a small glass tube with ex- 
tremely thin walls, so thin that the a-rays emitted could pass out, although the 
emanation simultaneously formed was held in. This small glass tube was en- 
closed in another tube provided with electrodes, and the spectrum produced on 
passing a discharge was observed at regular intervals. It was found that after 
a few days the spectral lines of helium made their appearance. This proves that 
helium is produced from the a-rays. The fact that helium is always found present 
in radioactive minerals is also evidence that it is a product of radioaetivitv 
(p. 32). 

Thus a-rays consist of helium atoms with a double positive charge, 
shot with, great velocity out of the atoms of radioactive substances. 

Range . — Investigation of the way in which the intensity of the 
a-rays falls off with increasing distance from a radium preparation 
gives a surprising result. It is found that all trace of the. rays (such 
as ionization or scintillation) suddenly stops at the very accurately 
measurable distance of 3*30 cm. in air at normal pressure. This dis- 
tance is known as the range of the ot-rays from radium in air. The 
a-rays from other radioactive elements have different ranges. Thus 
the a-rays emitted by radon can be observed up to a range of 4* Id cm. 
in air at normal pressure, but beyond this distance no trace of them 
can be observed. As was discovered by Gekjer, the range R bears a 
simple relationship to the velocity > 0 with which the a-particle under 
consideration leaves the parent atom. This relationship may be written 
in the form 

h 3 • 

where a is a constant whose value may be computed from the accurate 
data r 0 = 1*9:2 X 1(> 9 cm. per second and R — (5*97 cm. for EaC' 
(see p. 79). The definite and unique character of the range is shown 

( a ar>7 ) 3 
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Uranium I . . 

Uranium . , 
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J3 (3 ^ 0-35 ; 
Uranium Z 


Uranium X 2 1 j 
Uranium II ^ 


97% 


UrY 


Ionium 

Radium 

R a dium emanatio n 
(Radon) 

Radium A 

Radium 33 . . p 

Radium C 

« \ 0-03 V 

99-97% fi Radium C " 

Radium CP J/ 
Radium D (Radio-lead) 
Radium E 

Radium U (Polonium) 
Radium G- (Uranium 
lead) 


Proto - a ctiniumx — - — 
Actinium . . 
Radio-actinium . . 
Actinium XL 
Actinium emanation 
Actinium A 
Actinium B 
Actinium C 

P | o-32 
Actinium C' 


99-6S 


Actinium C" 

Actinium D (Actinium lead) 


Thorium . . 
Mesothorium I 
Mesothorium II 
R adiothorium 
Thorium X 
Thorium emanation 
Thorium A 
Thorium B 
Thorium O 

i ^ v iir> ; 

35 i a: Thorium C 

V I 

Thorium ( -J, 
Thorium. I> (load) 
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very elegantly "by cloud-track photographs (see, e.g., fig. 6). Towards 
the end of their range a-particles capture first one electron and then 
a second, thus becoming ordinary neutral helium atoms. A number 
of ot-ray ranges are given in Table III. 



Fi<?. 6. — Cloud-track photograph showing definite ranges of <*-rays. 'The radioactive; 
preparation contains two active elements ThC and ThC'. The two definite ot-ray ranges 
are clearly visible. 

[From Meitner, Atom’vorgdnge und Hire Sichtbarmachung (F. Enke, Stuttgart).] 

J\ r ote. — Experiments in which cc-partic*les are counted by the scintillation 
method or with a Geiger counter have a special significance in that they provide 
convincing evidence in favour of the atomic theory of matter. This is true in 
even greater degree of the observation of the tracks of single a-particles in the 
Wilson cloud-chamber. In the individual scintillations, the individual electro- 
meter “kicks*’, and the individual cloud-tracks we see the effects of individual 
a.- particles. Previous to this only the total effects of enormous numbers of atoms 
acting; simultaneously had been observed in physics and chemistry, and the 
existence of individual atoms had been postulated oil purely theoretical grounds. 
The opponents of the atomic theory always used to object that no one would 
ever be able to observe atoms one by one, and even the most enthusiastic sup- 
porters of the theory never expected such a tiling; to be possible. This state' of 
affairs was revolutionized by the 4 experimental counting? of ot-partiedes (charged 
helium atoms). The atomic: theory now' has n basis of experimental observation, 
and the results obtained in counting experiments are completely in accordance 
with expectations. (Nee* however. Chapter 1Y, p. 2f>€>.) 

p-Rays. — Determinations of ejm for /3- rays have given the values 
quoted in Vol. Ill, j>. 32 2. Taking account of the change of mass with 
velocity, we have 1*77 X 10* coulombs per gramme. 

Hence p-rays consist of very rapidly moving; electrons and are 
essentially the same as fast cathode rays. 
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As with a-rays, the /Trays from different substances have different 
energies. 

The velocity of the /Trays emitted by ThC is about 0*96 c ( c being 
the velocity of light), of those from RaE about 0*94 c s and of those 




from UXj about 0*6 c. These are mean values; for it is found that the 
velocities of the /Trays from any given radioactive disintegration are 
not all the same, but vary continuously from, zero up to high values 
(see fig. 7, which gives the distribution curves for various substances). 
Thus in contrast to the a-particles, the /Tparticles from any given 

process are not associated with a 
definite energy. 

Apart from th< sc /3-rays wlii eh 
form a direct accompaniment of 
certain radioactive transforma- 
tions (so-called primary /3-rays), 
another class of /Trays (so-called 
tec'jinlarji /Trays ) are observed 
in all transformations in which 
y-rays are emitted. The secondary /Trays have widely varying, 
but generally quite definite velocities, and derive their energy 
from the y-rays. Fig. 8 shows a magnetic spectrum of secondary 
/3-rays, i.e. a record obtained with apparatus identical in principle 
with that of fig. 4, p. 15, if we imagine a photographic plate placed 
on the right and the source to have a linear form. The emission 
oi secondary /Trays is explicable as a hind of photoelectric effect 
(p. 133). The rays consist of electrons which have received energy 


Fig:- s. — Magnetic velocity-spectrum of £-rays. 
Part of the spectrum of TlrB U’hC. 

[From Handbuch der Physik, Vol. XXII, Part I 
(Springer, Berlin).] 
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from the y-rays of the radioactive process (see further p. 358). 
L. Meitner succeeded in producing these secondary /h-rays artifi- 
cially from platinum and lead hy the action of the y-rays of ThB. 

The fastest /3-rays observed from any known radioactive substance 
are those at the upper energy limit of the /krays from RaC. Their 
velocity is 99 per cent of that of light. To reach this velocity an 
electron would have to pass through a potential drop of 3T5 million 
volts. 

•y-Rays. — These consist of electromagnetic waves and hence are 
not deflected by electric or magnetic fields. They are therefore similar 
in character to light and X-rays, 
from which they differ only in 
their much shorter wave-length. 

This has been verified by direct 
measurements with gratings (p. 

72), the gratings consisting of 
the lattice planes of crystals 
and the grating constant being 
the distance between these planes 
(compare Vol. I, p. 274). An 
example of a grating spectrum 
of y-rays is given in fig. 9. 

By a kind of photoelectric 
effect (p. 133) y-rays produce 

from the disintegrated atoms the 
secondary /3-rays referred to 
above. From the energy of these secondary /3~rays it is possible to 
calculate the wave-lengths of the corresponding y-rays by means of 
an equation which will be given later (pp. 134, 359). 

The y-ray spectra, like optical line spectra, consist of a number of 
sharply defined monochromatic lines. The wave-lengths lie between 
3(H) and about. 2 X-units (1 X-unit = 10 11 cm.). Thus y-rays bear 
somewhat the same relationship to ordinary light waves as ordinary 
light waves bear to short radio waves. L. Meitner succeeded in showing 
from the energy of the secondary /brays from, mdioact inium and 
actinium X that the emission of y-rays docs not occur until after the 
disintegration of the atom. Thus we are led to the conclusion that 
y-ravs are emitted in the process of rearrangement of the atom into 
a stable form after the radioactive disruption. Such an emission of 
y-rays dot's not. however, follow every a- or /3-rav change; certain 
atoms are known to disintegrate without emitting y-rays. 

5. Radioactive Series 

Sequence of Transformations.-- In the light of what lias been said 
above it can he seen that radioactivity consists in the spontaneous 



Fig. <p. — Spectrum of y-rays obtained by re- 
flection from the grating formed by a crystal of 
rock-salt; glancing angle io' (after Frilley). 


[From Rutherford, FZadiatians from Ftacli&ac ti-ve 
Subs tances (Cambridge University Press).] 
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disintegration of atoms (usually of high atomic weight) with, expulsion 
of charged helium atoms (a-particles) or electrons, the atoms thereby 
being transformed into new atoms with, different chemical properties. 
Tor the most part the new atoms produced are not stable, but in turn 
disintegrate more or less rapidly. In this way we get a whole sequence 
of disintegrations or so-called radioactive series. 

The most important is the uranium-radium series. It is a remark- 
able fact that uranium minerals derived from the most widely different 
sources always contain radium in the same relative amount. Accord- 
ing to W. Maeckwald (1913), 3*3 x 10~ 7 gm. of radium is always 
associated with 1 gm. of uranium. This forces us to the conclusion 
that the radium has been produced from the uranium, i.e. is a dis- 
integration product of uranium. The atomic weight of uranium, as 
determined by Honigschmiu, is 238*17 + 0-007, i.e. is 12 greater than 
that of radium. Hence in the sequence of transformations by which 
radium is produced from uranium the number of a-particles (each of 
mass 4) expelled must be three. We accordingly deduce that between 
uranium and radium there must be two further substances which emit 
a-rays. These have actually been discovered (see Table III). Each 
radium atom disintegrates into a negatively charged radon atom and 
a positively charged helium atom. The latter is shot out as an a-particle 
and eventually becomes an ordinary helium atom by neutralization 
of its charge. 

The radon atom expels another a-particle (which is eventually 
neutralized and becomes helium) and is itself transformed into an 
atom of radium A. This substance is a solid which, as mentioned 
above (p. 14), deposits itself as an invisible film upon the walls of the 
containing vessel or other solids, thus giving rise to so-called induced 
radioactivity. Then in a short time the radium A is transformed into 
radium B with expulsion of a-particles, and the radium B is in turn 
transformed into radium C with expulsion of ^-particles. Radium 0 
emits rays of all three kinds. Careful investigations have shown that 
its mode of disintegration is rather complicated, for it gives rise simulta- 
neously to two new substances. A very small fraction of the radium C 
(only 0*03 per cent) is transformed by an a-ray change into RaC". 
The remainder (i.e. 99*97 per cent) passes into RaC' with, emission of 
[5-rays. Both RaC' and RaC'" give rise to the same product RaU, the 
former by expelling a-particles and the latter by expelling /^particles. 
Ral) is then transformed by a /5-ray change into RaE, which in turn 
emits both /?- and y- rays and becomes RaT, a substance which has 
been identified with polonium. Finally, RaT is transformed with 
emission of a-rays into RaG. This last product is regarded as chemically 
identical with lead, although so far it has not been found actually 
possible to detect by chemical means the lead formed in an experiment. 
Such radioactively -produced lead, which is distinguished by ail atomic 
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weight differing from that of ordinary lead, however, has been detected 
in minerals (p. 27). 

In addition to the riraniiim-radium series there are also the 
actinium series and the thorium seri es. As may he seen from Table III, 
all these series exhibit remarkable similarities. 

The Law of Radioactive Disintegration. — Radioactive change 
takes place in such a way that in each unit of time the same fraction 
of the substance present at that time undergoes disintegration. Thus 
if the amount of substance (i.e. the number of atoms) left unchanged 
at time t is N, and the amount disintegrating during the element of 
time dt is d N, the quotient dn /±S is proportional to clt. We may accord- 
ingly write 


dnsr 

1ST 


— A dt y 


in which A is a constant and the minus sign is chosen because IN' 
decreases as t increases. Integrating this equation, we obtain 

log^N = — Xt -j- constant. 


how suppose that 1ST = N 0 when t — 0. It follows that the constant 
of integration is equal to log e Ts T 0 . Substituting this value in the in- 
tegrated equation and rewriting it, we have 

N = hT 0 e - H 


The constant A is called the radioactive constant or decay constant 
of the substance under consideration.. It is a measure of the specific 
intensity of the radioactivity. The quantity 1/A is usually called the 

mean life period. 

The rate of disintegration of a radioactive substance is usually 
given by means of the so-called half-life period, i.e. the time re- 
quired for half the original quantity to be transformed. Calling this 
time T, we have 

whence 


T 


1 

A 


loo" 2 = 


0-693 
A ~ 


This result expresses the relation between the radioactive constant A 
and the half-life period T. 

The half-life period has a characteristic constant value for each 
radioactive element, differing very widely in different eases. It enables 
us to distinguish between the different members of a series, e.g. the 
various disintegration products mentioned above. 

The Geiger-Nuttall Relationship. — There is an interesting relation- 
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ship between the decay constant 



Fig- 10. — Relation between decay constant and 
range of emitted a-particles 

Elements indicared by dots, reading upwards: 
RdTh, ThX, 'rhC, ThEm, ThA. 

TThe point shown as a circle close to TThX 
represents AcX. 


A for any element and the velocity 
v or range R of the a-particles 
which it emits. (See fig. 10.) To 
a first approximation, it is found 
that 

log A = A C logR, 

where A and 0 are constants; or, 
since R is proportional to 

log A = A +■ B log v. 

Tig. 11 brings out the physi- 
cal significance of the Qeiger- 
NTxjttall relationship more clearly 
than fig. 10, in that it graphically 
represents the relationship be- 
tween the logarithm of the decay 
constant and the energy of the 
a-particles. 

We see that the shorter the 
life of the element under con- 
sideration, the greater is the 
energy (or velocity ox range) of 



the a-particles it expels. Tor an interpretation of this relationship 
see p. 358. 
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Tabl-e IV. — Relative Positions of thce Radioactive Eleivients 
in the Periodic Table 




ct-ray change - decrease of -atomic weight by -v units and displacement of 2 places to the left 
(i.e. decrease of the atomic number by a). 

£-niy change no change of atomic weight and displacement of i place to the right 
(i.o, increase of atomic number by 1 ). 

— > uranium series. 

> - actinium series. 

- — -> - - thorium series. 

for the sake of clearness the thorium series is only shown as tar as Th A; heyond that point it 
jns parallel to the actinium series, hut with atomic weights less by 1. 


Radioactive Disintegration and the Periodic Table. — Remarkahlo 
regularit ios art 1 observed in t ho olmmical propert ios of tho members 
of a radiourtivo series. Eac h time ail a-partirle is emitted tlu* valency 
of tile atom altars by two unitsin tlu* sense corresponding to a decrease 
of atomic number. Eaeli time a ^-particle is omitted, oil tlio other 
liund tin 1 valency alters by one unit in tin* opposite sense. In Table 
IV a portion of the end of the periodic table (Table I) is reproduced. 
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the table being arranged so that the inert gases are in the middle. 
The radioactive elements are represented by means of a modification 
of tlie usual scheme, in -which atomic weights are taken as ordinates 
and valencies (or more correctly, atomic numbers) as abscissae. From 
this scheme we can deduce the so-called displacement rule, first enun- 
ciated by Sonny and Faja:nts (1913): 

The emission of an a-particle causes a decrease of two in the atomic 
number, i.e. a displacement of two places to the left in the periodic table. 
The emission of a fi-particle causes an inci'ease of one in the atomic 
number, i.e. a displacement of one place to the right in the periodic table. 

Accordingly we see, e.g., that U I is transformed by three successive 
disintegrations (a, f3 , j3) into TJ II, an element situated in the same 
group as U I and with the same atomic number 92. It follows that 
the two elements UI and UII must be entirely identical in all their 
chemical properties, and in actual fact it is quite impossible to separate 
these two elements from one another by chemical means. From a 
chemical point of view the mixture constitutes but one element. 
Other cases exhibit the same complexity in a more striking way. Thus 
the end-product of the uranium series is an element with the atomic 
number (and hence also all the chemical properties) of lead. From 
the known atomic weight of uranium and from the successive stages of 
the disintegration series we can deduce that this end-product must 
have the atomic weight 206, as compared with 207-180 for ordinary 
lead. In the same way ThJD must be chemically identical with lead, 
but must have the atomic weight 208. Accordingly, a number of 
chemically identical leads with different atomic weights must exist. 

In 1914 HoNKnsc'Hyiiio prepared pure lead from an African pitch- 
blende which was free from thorium and contained exceptionally small 
amounts of other metals as impurities. He then determined its atomic 
weight, using the same methods and reagents as in the experiments 
by which he had previously found the atomic*, weight of ordinary lead 
to be 207*180. For the Lad from pitchblende he obtained the value 
20G-04G. This makes it certain that the l<ud in pitchblende is almost 
entirely a disintegration product from uranium. The accuracy of the 
determinations is much greater than the observed <1 ifferetioe, which, 
lias been confirmed by other workers. Later (1917), Hci.Ni es( ui .u [ I > also 
investigated lead from thorite and thorianite. As was exported, the 
nearly pure thorium-lead gave a very high atomic weight, namely 
207*90. 

Such chemically identical and chemically inseparable elements 
with different atomic weights are called isotopes. ^ 

As may be seen from Table IV, further groups of isotopes are 
thorium, radiothorium, ionium, uranium X, and uranium Y; meso- 

* Or. i\ soet, e<pual, tojjo, s*, place. Whole families of isotopes are sometimes ml led. 
p 1c kids . 
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thorium, thorium X, and radium; radium B, radium D ? and tie various 
isotopes of lead; and finally radium T (polonium), radium A, radium C' ? 
thorium A, and thorium CL Radium I), being- chemically undistinguish- 
ahle from ordinary lead, was at first called radio-lead. The actinium 
derivatives are also isotopic with the corresponding radium derivatives. 
Only in their different life-periods (and of course in their atomic 
weights) do the radioactive isotopes differ from one another. 

The line spectra of RaG (atomic -weight 206) and ordinary lead 
(207*18) are practically identical in the visible and ultra-violet regions, 
though very accurate interferometric measurements have shown the 
existence of small differences (a few hundredths of an Angstrom). 

Appreciable differences in density have also been found (compare 
p. 95). Thus T. W. Richards and C. Wadsworth obtained the 
value 11*337 for ordinary lead (atomic weight 207*2), but 11-288 for 
a mixture of RaG and Pb (atomic weight 21)6*3). The densities are 
such that the quotient of the atomic weight and the density (the 
so-called atomic volume) is constant — in this case 18*28. Since 
isotopic atoms differ in mass, it must he possible to separate isotopes 
by jurocesses depending on mass. Such experiments have, in fact, been 
carried out successfully (p. 96). 


6. The Energy of Radioactive Changes 

Radioactive Equilibrium. — As a rule the radioactive products 
from a solid salt remain occluded in it, so that the mixture emits all 
three types of rays with intensities corresponding to the amounts of 
the components. This explains why a freshly r ©crystallized radium 
salt shows little activity; in this pure state it emits only its own proper 
ex-rays. Gradually, however, the observed activity increases as the 
more active products accumulate. Eventually a maximum value is 
reached, when the quantities of the products formed in any given 
time become equal to the quantities which disappear as a result of 
disintegration. "Under these conditions a state of equilibrium is 
attained. The amount of each product tends to be diminished by its 
own disintegration and increased by the disintegration of its parent 
substance. A lien iadioaetive equilibrium is reached these two tenden- 
cies are equal, i.e. tile rate of disintegration of each product is equal 
to the rate at which it is formed, i.e. equal to the rate at which its 
parent substance disintegrates. This holds throughout the series. Let 
the quantities ( i.e. numbers of atoms) of the different substances present 
be respectively X^ N\>. X :J , . . . and thei r decay constants A 2 , /V. A-j. . . . ; 
then when equilibrium is reaeliod 


dX. 2 r/X 3 
(If cl! (It 


-- — Aihq --A.AA - ; _\ 3 X 3 =-= 


That is: in -rad load ire equilibrium the amounts of the different substances 
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in the equilibrium mixture are. inversely proportional to their respective 
decay constants or directly proportional to their respective halj-life 
periods. 

As an example of the application of this result, we may take the 
calculation of the half-life period of uranium from the known half- 
life period of radium (1580 years) and the observed radium : uranium 
ratio (3-5 X 10~ 7 ) iu minerals. Writing T for the half-life period, we 
obtain 

T Ra : T n = 1580 : T a = 3-5 x 10' 7 

wkence 

T, 7 = 158 - =4-5 X 10 9 (years). 

17 3-5 X 10- 7 VJ 

This value applies to U I, since the quantity of UII is relatively negli- 
gible. 

Since the rate of disintegration is the same for all the members 
of a series present when radioactive equilibrium is reached, it follows 
that the total rate of emission of a-particles from the mixture must be 
greater than that from the pure parent substance by a factor equal 
to the number of members w T hich emit <x-rays. Over times comparable 
with the life-period of the parent substance the total activity is ob- 
served to fall off as a consequence of the progressive disintegration of 
the parent. Hence after a certain time the total observed activity 
passes through a maximum of intensity. The observation of this point 
has an important hearing on the determination of the life-periods and 
the number of products emitting a-rays. 

Evolution of Heat. — We consider a quantity of a radium salt sealed 
up in a small glass tube with walls of such a thickness that only the 
penetrating f3~ and y-rays can pass out, the a-rays being held hack. 
The /3-rays carry away negative electricity, and the radium salt left 
behind must therefore become positively charged. The disappearance of 
this positive charge has actually been observed in the form of a powerful 
spark when a tube of this kind was opened. 

The /krays emitted by the salt consist (as we have s eon) of negative 
electrons of small mass, which are able to pass through the walls of 
the containing tube. The relatively massive ot-rays, on tin* other hand, 
are stopped by the walls and give up their kinetic energy. The a- 
particles impinge upon the walls and in the process their energy is 
transformed into heat, with the result that the temperature of the 
radium salt rises. It is actually found that the temperature, of radium 
salts is several degrees higher than that of their surroundings. 

Of course this heating effect represents only a fraction of the energy 
given out by the radium. Recent measurements show that the rate 
of evolution of energy from radium is 140 cal. per hour per gramme. 
One kilogram of radium would evolve 140 k.eal. per hour, i.o. about 
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a million k.cal. per year. To obtain this amount oi energy it would 
be necessary to burn about 130 kgm- of the best coal. The energy 
evolved from I kgm. of radium would drive a machine of about 
i horse-power continuously (although of course the power would fall 
off by half in. 1580 years). The total energy evolved by 1 gm. of radium 
before disappearing entirely would be 3-7 X 10 9 cal., i.e. a million 
times more than that furnished by the combination of sufficient hydro- 
gen and oxygen to form 1 kgm. of water. The amount of heat evolved 
by other radioactive elements, such as thorium and uranium, has also 
been measured. Since the rate of disintegration of uranium is slow, 
so also is the rate of heat production. It is found that 1 gm. of uranium 
in equilibrium with its disintegration products evolves about 2-5 x 10 -8 
cal. per second. The corresponding figure for thorium is 6*8 X 10~ 9 
cal. per second. 

Humber of a-Particles Emitted. — The best direct determinations 
by counting give 3-72 X 10 10 ^-particles per second per gramme of 
radium (Hess and Iawsox). In radioactive equilibrium each gramme 
of radium gives four times this number per second (15-7 X 10 1 - 0 ); 
for the total observed includes, in addition to the a-particles from Ea 
itself, those from RaEm, RaA and RaC.* 

The results of these counting experiments may "be used to calculate the 
Avogadro constant (Yol. II, p. 52), the method being completely independent 
of the kinetic theory of gases. According to p. 23, we have 


where 1ST is the number of radioactive atoms remaining at a given time t. Ry 
actual counting we find that for 1 gm. of radium </X dt = — 3-72 X ID 10 . From 
p. 23 we have further 


T 

log*,: 


t 580 years 
CM (93 


1 580 


; 305 \ 


80400 


= 7- IS X 10 10 see. 


As the atomic weight of radium is 220. the number of atoms in a gramme-atom 
(i.e. iii 220 gin.) is 

N — 7-18 X 10 10 X 3-72 ; ll> l “ < 220 = 0-05 X ID 23 . 


In most radioactive investigations, as a matter of fact, the calculation is 
reversed. 

There is still another wav of deriving the Avogadro number. As was first 
found experimentally by J >k\var in I0 1(>, the volume of helium generated l>v 
1 gm. of radium per year is 104 mm. 3 . In radioactive equilibrium the number of 
ex-particles emitted is four times that from radium alone, i.e. 

3-72 X H) 1U x 4- x 3 (if) x 80400 — 4-<i!) x ll) lH . 

* The a- ray contribution of Hat 1 ' is negligible. It is further assumed that, on 
account of its very longlife-period, radioactive eij uilihrium has nut yet been attained 
for Ka 1 ). 
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On. the assumption that eaeli oc-particle gives one helium atom, the number of 
helium atoms contained in 1 cm. 3 is 


469 X 10 16 
0164 


2-86 X 10U 


so that the number per gramme-atom comes out as 6*4 X 1 0 23 . This is quite a 
good value for the Avogadro constant. 


Number of [3-Particles Emitted. — This is very difficult to determine 
with certainty. A large number of different experiments have given 
the result that in all probability one /2-particle (electron) is expelled 
per atom in /kray disintegration. On account of the continuous energy 
distribution of /3-rays (see fig. 7, p. 20) this result is very important 
in connexion -with the theory of /3-ray disintegration (p. 359). 


7. The Geological Significance of Radioactivity 

Distribution of Radioactive Substances. — In the course of their 
investigations Elster, and G-eitel observed that the air in subter- 
ranean spaces, such as mines and cellars, possessed a remarkably liigh 
conductivity. The same is true of air sucked up out of the earth by 
means of a tube driven down into the ground. In both cases the 
ionization of the air gradually dies away over a number of days, the 
observed half-life period being about four days. This behaviour is 
consistent with the explanation that a certain quantity of radium 
emanation is mixed with the air, and we are thus led to the conclusion 
that the earth's crust as a rule contains radium. 

This conclusion can he tested by making use of the fact that the 
disintegration products of radium emanation are deposited upon 
negatively charged bodies. A conductor (most conveniently u wire) 
is suspended on insulating supports in a subterranean space and is 
maintained for several hours at a potential of about — 2000 volts. 
After this c< exposure 55 the wire is found to have become radioactive 
on account of the radium A, B, and C deposited upon it. The coating 
of active substances may be removed by rubbing the wire with a soft 
leather and may then be tested for radioactive properties by tin* 
usual methods (production of conductivity in the air, scintillations on 
a zinc blende screen, blackening of a photographic; plate)- A nega- 
tively charged wire hung up even in the open air shows the same 
behaviour. 

The active deposit proves oil closer examination to be a mixture 
of the disintegration products of radium emanation and thorium 
emanation. 

Both radium and thorium can actually be detected in all kinds of 
soil and rock. Primary rocks contain on an average 2 X H) 12 gin. 
of radium (or 6 X 10~ 6 gm. uranium) per gramme. Their thorium 
content is about 2 X 10~ 5 gm. per gramme. The content of radium 
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and thorium in sedimentary rocks is very variable, being greatest in 
clays and least in limestone and sandstone. 

It is to be assumed that the radium has always originated from a 
corresponding uranium content. In many cases it has been possible 
actually to detect the presence of uranium, although the chemical 
tests are relatively insensitive and difficult to carry out. 

Like the air contained in the earth, all water in contact with the 
earth contains radium emanation. Many hot springs are particularly 
rich in it, and the sinter from them contains radium compounds, 
sometimes in concentrations high enough for commercial exploitation. 

Evolution of Heat in the Earth by Radioactive Substances. — The 
energy given out by the radioactive substances distributed through 
the soil and rocks plays a part in maintaining the earth's supply of 
heat. If we assume that the distribution, of radioactive material is 
uniform throughout the whole globe and the same as is observed near 
the surface, then we arrive at the result that the rate of evolution of 
heat by radioactive disintegration would be far greater than the actual 
rate of loss by radiation into space. In order to explain the steady 
thermal state of the earth, it is sufficient to assume the existence of 
a relatively thin surface layer containing radioactive elements in the 
observed concentration. 

We are thus led to the view that the concentration of radioactive 
elements must decrease rapidly (almost exponentially) with increasing 
depth. The distance corresponding to a decrease to 1/e of the original 
value is about 13 km. From the chemical properties of uranium and 
thorium it is plausible that they should be concentrated in the outer- 
most regions as the earth's crust solidified. Taking mean values as a 
basis, we obtain the following results for the rate of production of 
heat per cm. 3 of rock: from uranium and its pi od nets. 4*0 x 10~ ia 
cal. per second; from thorium, 3*7 X 10~ 13 cal. per second: total, 
7*7 X 10~ 13 cal. per second. 

As may be calculated from the mean thermal conductivity of the 
earth’s substance anti the temperature gradient towards the centre, 
the earth radiates (> X 1 0 12 cal. per second into space. To balance 
this loss it is necessary, on the basis of the figures given above, to 
postulate the existence of about 4*5 X 10-° gm. of thorium and 
1*:2 X 'll) 20 gin. of uranium. 

If. however, the distribution of thorium and uranium were the 
same throughout the whole globe a.s it is at the surface, we should 
have h X 10 22 gm. of tile former element and 3*1) X I() 2 - gin. of the 
hitter. From this we can compute that a surface layer onlv about 
1 <) km. thick would suffice to maintain the thermal state of the 1 earth, 
if the distribution were uniform and the concentration equal to that 
quoted above. Recently a determination has also been made of the 
rate of evolution of heat in the radioactive disintegration of potassium. 
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It is found that this rate is probably as great as that duo to uranium 
and thorium put together. This naturally affects very considerably 
some of the numerical results given above. 

Determination of the Age of the Earth. — The theory of radio- 


activity is important in geology because it provides methods for calcu- 
lating the age of minerals and rocks belonging to different geological 
periods. It is assumed that during their time of production the minerals 
in question have "been free from disturbing chemical influences. There 

are three main ways in which the 



calculation may be carried out. 
According to the theory of radio- 
activity a mineral containing uranium 
must also contain the non-active 
end -product, radio -lead. The older 
the mineral, the greater must be the 
ratio of lead to uranium in. it. 


Moreover, the helium produced in the 


disintegration is usually retained in 


the mineral, so that the helium con- 


Fig-. i2. — Pleochroic halo in a fluorspar 
crystal (magnification 480) 

[From Zeitschr. /. Physik , Yol XXVI, 1924 
(Springer, Berlin).] 


tent must be proportional to the age 
of the mineral. The third method, 
available in certain special cases, 
makes use of the small halos, the 


so-called pleochroic halos * (fig. 12), sometimes found in natural 
crystals. These are a result of bombardment by the a-particlcs from 
minute radioactive inclusions over long periods of time. They often 
show clearly marked rings corresponding to the different ranges of the 
a-particles from successive members of a disintegration series. These 
halos can also be imitated artificially. 

The values obtained by these methods can only be regarded as 
provisional estimates, but they* already constitute an invaluable 
means for determining the ages of the various geological epochs. The 
general result is that there actually is a parallelism between the ages 
deduced on geological grounds and those obtained from radioactive 
data. The numerical values range from about 8 million years for the 
Oligocene period, 31 million for the Eocene, 150 million for the Car- 
boniferous (coal), 300 million for the Devonian (first land plants) to 
about 1000 million for the Frecambrian. The first appearance of life 
on the earth was probably about 1200 million years ago. An age of 
1600 million years has been found for the oldest gneissoid granites. 
These values are consistent with estimates based on independent 
geological considerations. 


* Or. pfe< w/, mo«*, rArns, colour. 
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C. The Interaction op Matter and Cathoee Rays 

8. A General Account of the Passage of Electrons through 
Matter 

Historical . — In the year 1 892 H. Heetz made the discovery that cathode rays 
(Yol. 1 II, p. 330) can. pass through thin metal fail. A piece of uranium glass, which 
gives a green fluorescence when exposed to cathode rays, was covered with a 
very thin sheet of aluminium and mounted in a discharge tube. tVhen cathode 
rays fell on the metal, the glass underneath fluoresced. Hertz proved that the 
cathode rays did not pass through holes in. the thin metal foil hut actually 
through the matter (i.e. the metal) itself. Lexard succeeded (1893) in making 
cathode rays pass out of the discharge tube through a thin aluminium window 
(see Vol. Ill, fig. 46, p. 332). This was the first time that the rays had been made 
available for investigation otitside the tube in which they were produced. It 
now became possible to investigate the interaction between cathode rays and 
matter independently of disturbing effects due to the discharge tube. Such 
investigations, extending the work of Lexard, have given ns a deeper insight 
into the nature of electricity and of matter. 

The simplest way of detecting the rays passing out through a window is to 
hold a fluorescent substance in the emerging beam, the most suitable sub- 
stance being zinc silicate containing manganese. A screen coated with such a 
substance glow's brightly at the spot, where tbe cathode rays strike it. The rays 
can also be photographed directly, although the eye doesbiot detect them. 

W e shall now give a general description of the phenomena, reserv- 
ing a more detailed discussion till later (pp. 39 and 46). 

Absorption of Cathode Rays. — Experiments with a fluorescent 
screen show that the glow is brightest near the window and that it 
falls off in intensity with the distance. If the tube is working at a 
potential difference of ahout 40,000 volts and the aluminium window 
is a few thousandths of a millimetre thick, the screen remains quite 
dark when placed at a distance of about 8 cm. from the window. 
Thus the rays are absorbed to a considerable extent by air at atmo- 
spheric pressure. Lexard found that matter behaves in an extremely 
surprising way with regard to the absorption of these rapidly moving 
electrons. His result (Aena rd’s m ass absorption hue 1894). which has 
been of very great importance for subsequent investigations in atomic 
physics, may be stated as follows: 

To a first approxi motion the absorption of fast electrons (v ; - ( )-*2 c, 
<* being tfie velocity of light) is determined only by the mass of matter 
traversed and is completely independent oj the chemical nature of the 
substance in question. 

tigs. 13 and 14 arc repre >d actions of two photographic negatives illustrating 
this property. The plate was covered with strips of different metal foils of the 
given thicknesses and exposed to the cathode mvs in a thin walled plate-holder 
placed in front of the be nurd window. It is evident, (fig. 13) that gold absorbs 
more strongly than silver (there being less blackening with gold) and that silver 
ubsoibs more strongly than aluminium, when all the foils have the same thick- 
( e o:>r ) < 
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ness. If, However, the thicknesses are so chosen that the masses per unit area are 
equal (fig. 14), then the absorptions (blackenings) are also equal. 



Figs. 13 and 14. — Shadow photographs of various metal foils taken by means of cathode 
light-tight, thin-walled plate-holder placed in front of a Lenard window 

[From Lenard, Uber Kathadenstrahlen (Nobel Lecture: J. A.. Larth, Leipzig).] 


Aluminium 


SilTer 


Gold 


rays in a 


This was the hist absolutely inescapable experimental evidence 
for the conclusion that the atoms of the different chemical elements 
do not differ qualitatively, hut only quantitatively* in their behaviour 
towards electricity, and must therefore all consist of the same “ basic 

substance ” in differing quantities. 

As we have already explained, this 
conclusion has "been brilliantly con- 
firmed by subsequent investigations. 
Tor a further discussion of absorp- 
tion see p. 42. 

Diffusion of Cathode Rays. — 

Another important phenomenon 
arises during the passage of elec- 
trons through matter. If a wall of 
absorbing material with a hole in it 
is placed at a suitable distance 
from the window of a discharge 
tube, the appearance shown in fig. 
to is obtained when a fin orescent 
screen is placed at right angles to the wall (in the plain* of the 
paper in tig. 15). The dotted linos indicate the narrow beam 
which one would expect to obtain if the rays travelled in straight 
lines. The cone-shaped spreading of the beam proves t hatpin 
passing through air cathode rays behave like light passing through 
a turbid medium how the only “turbidity ” in the. air arises from the 
molecules in it; hence it must be these that deflect the cathode rays. 



Fig. 15. — Scattering of cathode rays in air 

[From Lenard, Vbtr Kathodenstrahlen (Nobel 
Lecture: J. A., Iiarth, Leipzig).] 
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Fig. IS is a diagram (analogous to fig- 15) for hydrogen at a pressure 
of 40 mm. of mercury. We see that the beam begins to spread notice- 
ably at about 10 cm. from the aperture. The free path for extremely 
small bodies in hydrogen at this pressure is, however, only 0*002 cm. 
(Yol. H, p. 50 *). Hence every electron must have passed right through 
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Fig. 16. — Proof that electrons pass through atoms (after Lenard) 


at least 5000 hydrogen molecules without appreciable deviation. The 
diffusion of cathode rays is due to the deviation of electrons in their 
' passage through atoms . Further experiments show that with fast 
electrons only very small deviations occur in the passage through 
single atoms, but that as the electron velocity decreases the deflections 
become, greater. Further, if the conditions are otherwise similar the 
deflection is greater, the greater the atomic weight of the atom. Thus 
the interior of the atom has an effect upon the electron which we 
shoot into it as a test body. The only other known causes of deflec- 
tion of electrons are electric and magnetic fields. Hence the behaviour 
of electrons gives us information about the fields in the interior of 
atoms. In this way wo actually find that regions of extremely high 
field strength must exist within atoms, in order that the observed 
deflections may be produced. 

Distribution of the Fields of Force in Space. — An insight into the. 
distribution of the atomic fields in space can be obtained from the* 
absorption of cathode rays of different velocities (see further p. 42) 
As Lexard observed, the fastest electrons with velocities approaching 
that of light pass through a very large number of molecules without 
being appreciabU affect eel. The centres of force must therefore be 
very small. From the number of atoms passed through in the 1 limiting 

* Thi i formula <nvcn thoiv must l>o mm lifiiul in iici-onlani't 1 with Vol. III. j>. dOT, 
since wo art* dealing with partition whose radius is much smaller than that of the 
lijilrogen molecule , The value to betaken ft >r n is '27 M» ls ■ 7 (HI 40. 
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case of very high velocities we can calculate tke size of each centre of 
force (p. 44), that is to say, the fraction of the atomic cross-section 
which stops all those electrons which fall upon it, no matter how 
«reat their velocity. If, for example, we imagine a metre cube of a 
verv heavy substance (say platinum), Lenaed’s measurements give 
the" result that the total impenetrable volume of all the centres of force 
contained in the cube is less than that of a pirds head. All the rest 
of the volume, that is to say, practically the whole of the cube, con- 
tains no centres of force, nothing but electric and magnetic fields such 
as exist in the ether alone. This conclusion of Lembd about the very 
small size of the centres of force (i.e. the negative and positive charges) 
forms a foundation for more modern views of the structure of matter. 



Fig. 17. — Forked electron tracks (secondary electrons of high velocity) (after Hothe) 
[From Geiger-Scheel, Mandbuch der F*hy$ik, Yol. XXII, Part II (Springer, Berlin).] 


Secondary Rays. — In passing through an atom, an electron of 
sufficiently high velocity may give rise to such intense*, disturbance 
within the atom that one or more other electrons are expelled. These 
constitute the so-called secondary cathode rays. The velocity of the 
secondary electrons is in general very low, although occasionally very 
fast secondary electrons are observed. The number of secondary 
electrons produced, i.e. the probability of their expulsion from an 
atom through which a fast primary electron passes, is greatest for a 
certain quite definite velocity of the primary electron, below a certain 
primary velocity there are practically no secondary electrons. We cm 
explain these facts by saying that when the velocity of the primary 
electron is too low, its energy is not groat enough to produce the 
requisite disturbance in the atom: and that when tin* velocity is too 
bigln the primary electron spends too short a time in the interior of 
the atom to abort it. 

Owing to their low velocities, the secondary electrons are very 
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strongly absorbed by the surrounding molecules. In gases the 
positively charged atomic residue soon becomes a positive carrier of 
high, molecular weight, while the molecule which absorbs the electron 
similarly becomes a negative carrier. As was explained in Vol. III, 
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p. 338. this is of fundamental importance for the conduction of 
electricity in gases. 

Cloud-Track Photographs. — The production of carriers of electricity 
in the track of an electron makes it possible to rentier the tracks of 
individual electrons visible by Wilson's method (Vol. HI. p. 33(>). 
AVhat we actually see are the water droplets formed upon the complex 
molecules of the carriers. 
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].-j„ i7 illustrates the production of secondary electrons of comparatively 
hh'h velocity— a relatively rare occurrence. The photographs show two forked 
electron tracks, i.e. two cases in which a relatively large amount of the energy 

of the primary electron has been 
transferred to a secondary electron. 
In the lower photograph about half 
the energy of the primary electron 
has heen given up to the secondary. 
These fast secondary electrons can 
in their turn produce ionization of 
other atoms or molecules, giving rise 
to tertiary electrons, and so on. It 
is to be noted that along the tracks 
of sufficiently fast electrons the water 
droplets (which correspond as a rule 
to single ions) do not occur in pairs 
only, but also in groups of 4, 6, 8., 
and more. This corresponds to the 
production by a secondary electron, 
of I, % 3, or more further electrons. 
Tig. 18 is a reproduction of a photo- 
graph. taken by Dee, who succeeded 
in obtaining such clear tracks that 
every positive and negative ion is 
visible as a separate droplet of water. 
In the case shown in the figure an 
electric field had been, previously 
applied and was then switched off 
at the instant of expansion. At this 
instant a very fast electron passed 
through the chamber and gave the 
track visible in the figure. On ac- 
count of the high velocity of the 
electron the track is nearly straight. (It can be seen, that before the expan- 
sion a slower electron also entered through the side. ) Under the influence of the 
electric field the ions have been urged apart, so that two separate rows can be 



Fig. 


-Difference between the tracks of very fast 
and of slower electrons 


[From Rutherford, Radiations from Radioactive Sub- 
stances (Cambridge University Press).] 



Fig. 20. — Spiral electron tracks in a magnetic field of 1140 gauss (after Skobclseyn, Zeitschrift 
fiir RhysiJk, \ ol. XL III (1927) (IS printer, Berlin)) 


made out. one positive and one negative. The difference between the diffusion 
of fast and slow electrons is shown very beautifully in fig. hi The nearly 
straight track is that of a [3-particle and the very crooked ones are those of the 
much slower electrons li hem tod by the photoelectric effect from the gas itself. 
If a magnetic field is applied at the time of photographing, the tracks'll re made 
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to curve round the lines of force (see fig. 20) and the velocities of the electrons can. 
be calculated from the observed radii as in Vol. Ill, p. 324. It is found that in 
certain cases extremely high energies (up to several hundred thousand volts) are 
given up by an electron to an atom in passing through it. 
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Pig. at . — Collision of a fast electron with an electron (stereoscopic} 

[From Rutherford, Radiations from Radioactive Substances (Cambridge University Press).] 


Fig. 21 is a photograph, showing the direct collision of a comparatively slow 
^ -particle with an electron. The nature of the collision is deduced from the fact 
that the two tracks are at right angles after the collision. For further cloud- 
tracks of electrons see tigs. 23-26 (pp. 134-13(3). 

Electron Diffraction.— If the atoms of the substance through 
which the electrons pass are regularly arranged (single crystals, mole- 
cules). special phenomena are observed; these will be dealt- with later 
(p. 2-17). 

Excitation of TJndulatory Radiations. — If the cathode rays are 
sufficiently intense, the air near the Lenard window is seen to glow: 
that is. light is produced in the passage of electrons through matter. 
It was further mentioned in Yol. Ill (p. 347) that X-rays are generated 
by the impact of cathode rays upon matter. For further details see 
pp. 4 6 and 137. 

9. The Passage of Electrons through Matter: Fundamental 
Ideas and Quantitative Relationships 

Fundamental Ideas. -As cloud -track photographs show, the passage 
of cathode rays through matter is a very complicated process. Quan- 
titative information is usually obtainable only from the observation 
of beams containing large numbers of electrons, and it is necessary 
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to understand how the laws of the interaction of electrons and atoms 
may be derived from the statistical mean values so obtained. The 
fundamental ideas are for the most part dne to Lenard. As a result 
of the deflections of the individual electrons, an initially parallel beam 
becomes difEnse as it passes through matter. Eventually a final con- 
dition (so-called complete scattering *) is reached, in which the diffuse - 
ness of the cathode rays has reached the maximum attainable by 
scattering in matter, fn any further passage through the matter in 
question the directional distribution of the electrons remains un- 
changed. (Cathode rays emerging completely scattered from a plate 
have a directional distribution which is the same as that of the intensity 
of light emitted from an incandescent solid surface (Lambert’s law; cf. 
Vol. IV, p* 24)). It is necessary to distinguish between the 'path length x 
of the beam (i.e. the thickness of the medium measured in the direction of 
the beam) and the path length 1 of an electron (i.e. the total distance 
actually travelled by an individual electron on its devious course). The 
latter length is always greater than (or in the limit equal to) the former. 

Owing to the many deflections of the individual electron paths in 
passing through matter, a certain fraction of the electrons are deviated 
so far away from their original direction as to move backwards relative 
to the beam. We may refer to this as large-angle scattering or bach 
scattering.’ f* Thus in the case of a beam of cathode rays incident on 
thin foil, some electrons pass through and out at the other side, and 
some return and pass out at the original side owing to back scattering. 
The relative number of backward- scattered electrons at first increases 
with increasing thickness of the layer of matter, gradually approaching 
a limiting value (for the thickness oc Rr> say). The fraction of the incident 
electrons returned by an infinitely thick plate may be called the back 
scattering constant p. The ratio of the electron path length l to the 
beam path length x in the final steady state (complete scattering) 
gives a measure of the extent to which the electron paths are deviated. 
This ratio B enables us to calculate true electron path lengths from 
beam path lengths and to draw conclusions which are independent 
of the devious paths followed by individual electrons. 

Table V gives numerical values for two velocities. Here*, as in 
future, the electron velocities are expressed in terms of the ratio 
of the actual velocity v to that of light c 7 i.e. jS = vjc. 

Diminution of Velocity. — The true rate of decrease of velocity with 
distance measured along the electron -path (i.e. clugil) cannot be measured 
directly. What is obtained in actual measurements is the rate of 
decrease of velocity with distance measured along the beam (i.e. tie.' da') 
for the majority of the electrons in the final state and for i-qual 
angles of entry and exit. Greater and smaller velocity changes 
also occur, but only in the case of a minority of the electrons. 

* tier. X or mulla uf„ j (Jer. lOlckdijjusion. 
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T ABLE V 


Scattering 

Medium 

/3 =-- 0-35 

@ =-= 0-‘>:2 

P 

B 

.v A > cm. 

P 

! B 

-*V£, cm. 

Vacuum . . 

0 

I 


0 

1 



Aluminium . . 

0-28 

1-8 

0-00014 

0-23 

1-6 

0-07 

Silver . . 

0-60 

4*0 


(0-40) 

(2-7) 

— 

Gfold . . 

0-6S 

5*3 

0-00008 

(0-5(3) 

(3-0) 

— 


Fig. 22 shows the velocity losses in aluminium graphically. Tlio losses 
plotted as ordinates refer to a thickness of 0-01 rum. For other sub- 
stances the values of dvjdx have a more rapid increase than that corre- 
sponding to proportionality to mass. The true rate of decrease in 
velocity with distance measured along the electron path (i.e. dvjdl) 
is approximately proportional to mass. Thus in a material with a 
density twice that of aluminium the corresponding values of dv'dl 
are approximately twice as great, while the values of dvjdx are more 
than twice as great. This is due to the 
fact that with the denser elements, most 
of which possess higher atomic weights, 
the deviations of the electron paths are 
greater. 




Fig-. 23. — Limiting thicknesses in 
aluminium for diU'erent electron 
velocities (after Leniird). 


Limiting Thickness and Range. — For every substance there exists 
ii more or less well-defined thickness ( UmitliHj th ickness x) which will 
reduce to zero the velocity of a beam of cathode rays in the state of 
complete scattering. (The velocity referred to here is that mentioned 
above, \’iz. that of the majority of the electrons in the beam.) Fig. 23 
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gives the relationship between limiting thickness and electron velocity 
for aluminium. Of still greater interest are the actual lengths of path 
(7 0 ) traversed by the electrons before they are completely stopped 
(true ranges). These can be calculated approximately by multiplying 
the limiting thickness by the factor B referred to above. Direct cloud- 
track photographs show that for a given initial electron velocity the 
maximum electron range l 0 in any given medium is more or less the 
same for all the electrons (see figs. 23, 26, pp. 134, 136). 

Absorption. — The most marked effect in the passage of a homo- 
geneous beam of cathode rays through a plate is not the diminution of 
velocity dealt with above, but a diminution in the actual number of 
electrons. This latter effect depends upon the initial velocity, the 
nature of the material of the plate, and the directional distribution 
at incidence. For thicknesses greater than x R (see above, p. 40), how- 
ever, it becomes independent of the distribution at incidence, and in 
this case the number n c of electrons for a thickness X (greater than x Jt ) 
is connected with the corresponding number n for the thickness (X +- x ) 
by means of the equation 

n = n 0 e~ ax . 

The constant a, which has the dimensions of the reciprocal of a length, 
is called the practical absorption coefficient , while the quotient of c c and 
the density p of the absorbing material is called the practical mass - 
absorption coefficient. 

Variation of Practical Absorption Coefficients with the Nature of 
the Material. — It has already been mentioned (p. 33) that the absorp- 
tion of fast electrons is proportional to the absorbing mass. Table VI 
gives values for various materials. 


Table VI 


Substance 

a j p 

■ 

A.'P 

1 

i Hydrogen (TOO mm.) 

0*4<i7 

0-0000849 

r><> 10 

i Air (TOO min.) . . 

3-42 

0-00123 

2780 

| Aluminium 

7150 

2-7 

2(>">0 

i Copper . . 

23800 

8-0 

2<>70 

Silver 

32200 

10*5 

3070 

Cold 

ii5UO0 

10-3 

28 SO 


For velocities lower than j3 ~ Ol the absorption is no longer 
proportional to mass. Here the gas-kinetic* molecular cross-section 
or Iree path of tile electrons becomes effective, and different substa nces 
accordingly behave differently. At moderate velocities 11 2 behaves 
abnormally (see Table VI) in showing an absorption T8 times greater 

* Following -Andrade {Structure oj the Atom , 3rd "Kd.. p. 10 (C. Roll & Sons, 1027)) 
ve use tins conveniently short word to translate the German yuxL'i net inch. 
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than that expected, while He shows an absorption 0-7 times greater 
than that corresponding to proportionality to mass. All hydrogen 
compounds likewise show anomalously high values, and the same is 
true of Cl, Br, and I. 

Variation of Absorption with Velocity. — The smaller the electron 
velocity, the greater is the absorption. This is evident from the values 
given in Table VII, which show that matter becomes more and more 

Table VH 


3 

a/p 

/3 

a/p 

JS 

Xp 

09 

6 

0*4 

7*4 X 10 2 

0*06 

2-5 x 10 s 

0-8 

1*3 X 10 

0-3 

2-9 X 10 3 

0-04 

5-8 X 10 s 

07 

2-9 X 10 

0-2 

3-6 X 10 4 

0-02 

1-3 X 10 7 

0-6 

8-3 x 10 

0*1 

8-0 X 10 5 

OOl 

1*8 X 10 7 

0-5 

2-2 X 10 2 

0-08 

1-4 X 10 s 

(0*00) 

2-0 X 10 7 


penetrable as the velocity of the electrons is increased. Thus the 
average number of atoms passed through in air and aluminium before 
an electron is absorbed is 18,000 for a velocity giving = 0*35 and 
4:, 50 0.000 for j3 — 0*92. It is very remarkable that in the case of a 
stream of electrons of uniform velocity incident upon an absorbing 
layer, the electrons passing through do not exhibit a range of veloci- 
ties from zero to an upper limit, but have one more or less well-defined 
velocity (p- 40), which is lower than the original incident velocity. 
Again, the diminution of velocity is very much less marked than the 
actual diminution in the number of electrons (or intensity of the beam). 
When the velocity of the emergent electrons is reduced to half, the 
number is reduced to quite a different order of magnitude. For 
f3 — 0-3 only 1*5 per cent of the passages through atoms cause appreci- 
able velocity reduction; for J3 = 0*9 only 0*085 per cent. Since tlie 
direction of motion also remains practically unaltered in the majority 
of cases, it follows that in such cases the elect ran flics right through the 
atom without being subject to enuj a pprcclable forces. 

Thus the greater the velocity of an electron, the smaller is the 
probability that it will interact with an atom through which it passes. 
This behaviour can be seen very oloarlv in the cloud-track photographs 
of figs. 18. 19 (pp. 37. 2S). 

Absorbing Cross-section. — The greater penetrability of atoms 
at high electron velocities may he expressed by ascribing to each 
atom an absorbing cross-section Q which decreases as the electron 
velocity increases. The absorption coefficient- may then be regarded 
as tin 1 total area, of the absorbing cross-sections of all the atoms in 
one cubic centimetre. This is iu agreement with the dimensions of 
the absorption coefficient (see above), namely [cm. -1 ] « [cm.y cm. 3 ]. 
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The absorbing cross-section of a molecule or atom is obtained by 
dividing a by Avogadro’s number (VoL II, p. 52). 

At low electron velocities (not below 10 volts) the absorbing cross- 
section for air is found to be about 30 per cent greater than the gas- 
kinetic cross-section. This means that electric fields exist outside the 
volume regarded as impenetrable in the collision of molecules accord- 
ing to the kinetic theory. For greater electron velocities the absorbing 
cross-section falls off for all substances. Particular interest attaches 
to the value corresponding to £ = 1, i.e. to electrons with the speed 
of light, for this must represent the cross-section of that part of the 
atom which is completely impenetrable to electrons. For fi = 0*99 
the value for air is only 2*4 X 10~ 8 of the ordinary gas-kinetic cross- 
section. This means that the radius of the impenetrable area (supposed 
circular) corresponding to a pair of elementary charges (electron 

and proton — L emd’s i£ dynamid ”) 
has a limiting value of about 
3 X I0~ 12 cm. Thus we arrive at 
the following extremely important 
result (obtained quantitatively by 
Xenarb as early as 1903): the 
effective radius of the electron and 
also of the proton rmist be less than 
3 X 10 -12 cm. (See further p. 82.) 

Since the true absorbing cross- 
section per unit mass falls off in 
general as the atomic weight in- 
creases, we are led to the conclusion 
that in the elements of higher atomic 
weight the charges must be more densely concentrated. The decrease 
of a p as we pass from H to He is especially marked, and indicates 
that in He the positive charges must be very closely packed— a 
conclusion that makes it easy to understand the extreme stability 
of a-partieles. 

Effective Cross-section for Very Slow Electrons (the Ramsauer 
Effect). — A quite unexpected phenomenon was discovered by Ram- 
saver in the course of his experiments on the passage of very slow 
electrons through gases (1921). He found that argon is almost com- 
pletely permeable to electrons with velocities of about 0*4 volt and that 
at these velocities there is no scattering. 

At this point a short account may be given of Ramr AVer’s method 
(the so-called circle method), which is of considerable importance for 
the investigation of electrons. A small metal box (fig. 24) contains a 
zinc plate An. from which the electrons are liberated photo electrically. 
The whole apparatus is placed in a magnetic field (the lines of force 
being perpendicular to the plane of the figure), so that the electrons 
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electrons whose velocity is diminished have their paths more strongly 
bent in the magnetic held and so fail to enter H. Different velocities 
can be investigated by altering the strength of the magnetic field, and 
different gases and gas pressures can be used. 

What is measured in the above method is the so-called effective 
cross-section of the atoms or molecules of the gas, i.e. that cross-section 
which is effective in influencing the electrons, either by stopping them 
or by altering their velocities or directions of motion. Figs. 25, 26 ? 27, 
and 28 show examples of the results obtained. The gas-kinetic cross- 
sections are plotted as ordinates to the right of the figures. The effective 
cross-section of the atoms of the inert gases increases at first as the 
electron velocity decreases down to about 10 volts, when it is much 
greater than the gas-kinetic value. Thereafter it falls off again 
almost to zero for slower electrons, but probably rises again finally for 
velocities below § to volt. The paraffins also show a similar marked 
falling-off of the effective cross-section for slow electrons. In contrast 
to this the values for Hg, Zn, Cd ? and in particular the alkali metals 
(the ordinate scale in fig. 27 is much smaller than in the other figures), 
show a very remarkable increase with decreasing electron velocity. 

As was mentioned above, there are three processes to be taken into account 
in giving an explanation of effective cross -sections: (1) deflections without loss of 
velocity (elastic collisions); (2) partial loss of velocity (inelastic collisions); 
and (3) complete loss of velocity (absorption) . 

The parts played by these three processes are not yet known, with certainty. 
The maximum of the curves, however, does not seem to depend on the onset of 
absorption, but on deflections without energy loss. 

10. Energy Transformations in the Passage of Electrons 
through Matter 

Secondary Electrons. — The total number of secondary electrons 
produced in the passage of a primary beam of electrons through the 
atoms and molecules in 1 cm. of path (i.e. in a layer of the medium 
1 cm. thick) is called the differential secondary effect. If the primary 
velocities are large, many of the secondary electrons may themselves 
liberate further electrons in passing through atoms (so-called tertiary 
electrons, and so on); it is therefore necessary to distinguish between 
the total differential secondary effect and the pure differential secondary 
effect, i.e. the number of electrons produced per 1 cm. layer by the 
primary electrons alone. Wo may use S r to denote the total number 
of electrons (or pairs of carriers) produced along the whole length of an 
electron track. Table \ III gives some numerical data oil secondary 
electrons for various primary velocities; s is the total differential 
secondary effect, s’ the pure differential secondary effect, in air under 
normal conditions.* 


* The values in brackets are uncertain. 
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Table VIII 


£ 

y -= s ' 

Si 

0 

Seui-— 1 

S CD1. -1 

Si 

a 

0 

0 

0*4 

250 

250 

1440 

0-006 

0 

0 

0*5 

180 

180 

2450 

0-024 

7700 

<~5) 

0*6 

131 

131 

(4000) 

0-05 

3200 

20 

0-7 

95 

89 

(0300) 

0-1 

1700 

80 

0-8 

69 

53 

(10500) 

0-2 

830 

320 

0-9 

50 

25 

(20000) 

0-3 

400 

760 

0-99 

41 

2 

(~-100000) 


The mean energy loss of a primary electron in passing through and 
ionizing an atom appears to be about 30 to 40 electron volts. This 
value appears to liold approximately for all elements (for air it is about 
32*2 electron volts), with tie exception of the ialogens, for which 
the loss is considerably smaller. As is shown by cloud-track photo- 
graphs, the loss of energy of a moving electron as a rule takes place 
in a very large number of small steps, each of the above magnitude. 
Hence we have S z = TJ/e, where U is the initial energy and e = 32*2 
volts for air. The average velocity of the secondary electrons, however, 
is much smaller. The nature of the energy distribution in this case 
is still obscure. With very high primary velocities a considerable 
number of fast secondary electrons are also produced with velocities 
up to several thousand volts (fig. 17, p. 36). This can be seen from 
the differences between the corresponding values of $ and s' (p. 46) 
in Table VIII. The number of secondary electrons is to a first approxi- 
mation proportional to the mass and independent of the state of 
aggregation. Hydrogen forms an exception, as it gives many more 
secondary electrons than the number corresponding to proportionality 
to the mass (up to twelve times as many). Tin's is true for hydrogen 
compounds as well as for the element itself. 

The production of secondary electrons in insulating media is 
associated with the appearance of electrical conductivity, and this 
may be used to measure the intensity of cathode rays. As is shown 
by Table \ 1IT, no secondary effect is produced below a certain limiting 
velocity of about 11 volts (/?-- = 0 * 006 ). The differential secondary 
effect thereafter increases rapidly'' to a. maximum at tin 1 optimum velo- 
city. which 1 ies in the neighbourhood of 130 to 150 volts (j3 - O-02-1) 

lor most substances. At higher velocities .v then gradually falls oft 
again. 

Secondary electrons art 1 also emitted from the surface of a solid 
upon which a primary beam is incident. Tinier suitable conditions 
the solid body may become positively charged, since the number of 
secondary electrons lost may exceed the number of primary electrons 
captured. 



48 ELECTRICAL STRUCTURE OF MATTER 

Not every passage of an electron through an atom gives a secondary 
electron; this is especially true at high velocities. Apparently it is 
onlv at the optimum velocity that every such passage causes ionization. 

The resulting ion and secondary electron then 
very quickly form carriers of greater molecular 
complexity. 

Energy Relationships in the Collisions of 
Very Slow Electrons with Atoms. — A general 
account will first be given of the method for 
measuring the velocity distribution of electrons 
in a beam, first used by Lenard and sub- 
sequently applied in very widely varying 
ways. 

The electrons, whose velocity distribution 
in the space between A and B (fig. 29) is 

to be determined, are emitted from the source Q, pass through a 

grid placed at A, and fall upon a plate (or box:) at B. A potential 

difference, which can be varied at will, is now applied between A 

and B, so that B is negative relative to A. The elections enter- 
ing the space between A and B thus pass into a retarding field. 
Suppose that the potential difference between Q and A is U 0 ; then 
the kinetic energy of the entering electrons is eU 0 . The work done in 
passing through the opposing potential difference U between A and B 
is ell, and hence the energy on arrival at B is e(U 0 — U), i.e. the volt- 
velocity at B is (U 0 — U). 

If U = U 0 , the velocity of the electrons is just reduced to zero at 
B. and they are then driven hack again to A by the field. In the case 
of a beam containing electrons of different velocities, the retarding 
potential U will prevent those electrons w T ith volt- velocities smaller 
than U from getting to B. The current between A and B can be 
measured. It is given by the number of electrons passing between A 
and B in unit time, and hence falls off as the retarding potential is 
increased, by an amount corresponding to the number of electrons of 
velocity less than U, Fig. 30 shows one of these current-potential curves. 
In this case the highest velocity in the electron beam is 20 volts, so 
that the current becomes zero for a retarding potential of this magni- 
tude. For this value and higher values of the retarding potentials all 
the electrons passing through A will be turned hack by the field before 
reaching B. those of low velocity after a short distance and those of 
higher velocity after a correspondingly greater distance. This turning 
back of the electrons is analogous to the falling back to earth of stores 
thrown upwards against the earth’s opposing gravitational held. The 
slope of the curve at any given potential (i.e. tllfdY at this point) is a 
measure of the number of electrons which just fail to reach B at this 
potential, i.e. the negative fraction of the electrons possessing the 


A 


1 


B 


Fig- 29. — Lemrd’s retarding 
field method 
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corresponding velocity (or 5 more exactly, possessing velocities lying 
in tlie range cTV). Tims in fig. 30 the current decreases from 90 per 
cent to 60 per cent as the potential is changed from — 5 volts to — 15 
volts. Tliis indicates that 30 per cent of the electrons have velocities 



— Retarding Potential 


Fig. 30. — Current-potential 
curve for the retarding 1 field 
method. 



Pig. 31. — Velocity distribution curve 
corresponding to fig. 30 


lying between 5 and 15 volts. Hence the derived curve of the 
current-potential curve is the velocity distribution curve. Fig. 31 
is obtained in this way from fig. 30. (^Method of the retarding electric 
jiehl.) 

Ionization Potentials. Resonance Potentials. — As has already been 
stated on p. 36, electrons of very low 
velocity arc not able to produce secondary 
electrons by interaction with atoms or 
molecules. Levard showed (1 90*2) that a 
certain minimum primary velocity is neces- 
sary before secondary electrons (and the 
residual positive ions) are produced. He 
used a method identical in principle with, 
that outlined above. The electrons, ac- 
celerated to a definite velocity, entered a box 
in which they collided with gas molecules. With in the box was a ring 
E (tig. 3 '2 ) which was maintained at a sufficient lv high negative poten- 
tial and connected with an electrometer. The primary electrons were 
unable to reach this ring on account of the opposing field: but the 
positive carriers or ions produced were attracted to it. Ionization 
consequently gave a positive charge on the electrometer. With this 

( K 7 ) 5 



Kig. 32. — LcnurJ's apparatus foi 
the measurement of ionization po- 
tentials. 
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apparatus it was found that, under the experimental conditions, a 
minimum primary electron velocity of about 10 volts was required 
(see fig. 33) before positive ions were produced, i.e. before secondary 
electrons were liberated. The potential required to remove an electron 



Fig. 33. — Det^nmi nation of ionization 
potential (L-enard, 1902) 
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Pig. 34. — I. Diagram, of appa- 
ratus for measuring resonance 
and ionization potentials sepa- 
rately. 

II. Arrangement for more 
accurate measurement of re- 
sonance potentials. 


rrom an atom is called the ionization potential . The value found by 
Lenard is that appropriate to the mercury atoms which are always 
present in evacuated tubes (coming from the pumps) unless they are 
removed by condensation in a trap cooled with liquid air. Later 



Fig. 3 5-~ — Resonance potentials and ionization potential of mercury 
(after Davis arid Goueher) 


experiments have shown that quite definite ionization potentials are 
associated with each kind of atom. The lowest ionization potential 
is that of Cs (3*9 volts); the highest that of He (24*5 volts). A table 
of ionization potentials for the various elements, some of which are 
obtained by other methods, is given on p. 301. In extending the work 
of Lexard with an apparatus similar in principle to that of fig. 32 
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(p. 49), but using ail electrode with a large surface area instead of the 
ring, Frakck and Hertz (1913) found that positive charges were 
produced even at much lower definite potentials. They concluded 
that this ay as due to the existence of correspondingly low ionization 
potentials. Actually, however, yay der Bun (1916) was able to show 
that the positive charges were really due to a photoelectric effect at 
the large surface of the electrode, an effect which Leaard hacl avoided 
by the choice of a thin ring. It follows that in the experiments of 
Fraxck and Hertz light must have been produced in the gas at the 
potentials which they observed. This was quite a new phenomenon, 
and one that clearly involved the transfer of energy to atoms from 
electrons at definite potentials, the energy being transformed into 
light. The potentials at which such transfers just begin (i.e. definite 
energy losses of the electrons without production of secondary electrons) 
are called resonance or radiation jiotentials.* In order to distinguish 
between ionization and resonance potential effects, it is necessary to 
modify Lexards apparatus slightly. This modification, which is due 
to 3>avis and Gouchee (1917), is represented in fig. 34. In front of the 
electrode B, which is maintained at the negative retarding potential, 
is placed a grid C. This is kept at a small negative potential relative 
to B. Then if light emitted in the gas liberates photo-electrons from 
B, the field between B and C will drive them back again. Indeed, 
B will become negatively charged by the electrons liberated photo- 
elcctrically from 0. Not until positive ions are produced in the gas 
will B become positively charged, owing to their being attracted through 
the grid. Fig. 35 shows the results of experiments with mercury vapour. 
Resonance potentials are seen to occur at 4-9 and (3*7 volts, while the 
production of positive ions at 10-4 volts indicates an ionization poten- 
tial at this point. 

AYitli an apparatus embodying the same principle very accurate 
measurements of resonance potentials can be made, once the ionization 
potential lias been determined with sufficient certainty. It is merely 
necessary to use a different potential distribution, as shown in tig. 34 II. 
Here there is only a small potential difference between A and (\ so 
that the electrons making collisions in this region all have very nearly 
the same velocity. The quantity measured includes both the positive 
charge due to photo-electric liberation of electrons from the electrode 
and also the effect- of the. energy losses of the primary electrons. Fig. 3(5 
shows the results of experiments, again with mercury, from which 
a large number of resonance potentials can be detected. (Those re- 
sonance potentials whose existence 1 would be uncertain, judging by 
this curve alone, are confirmed by other observations.) The existence 
of sharply defined energy steps in the transference of energy to atoms 

* Ionization and ivsonanee potentials are often im-Uided together in the term 
critical or * .rcituf i<*n >ti at in lx . 
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is extremely important in connexion 'with, the more detailed theory 
of light emission. 

Elastic Collisions at Low Velocities. — Fka.ktcic and Hektz also 
investigated the energy exchanges at still lower velocities. Their 
experiments upon electrons scattered bach from a region containing 
ail inert gas showed that most of these back-scattered electrons have 
a velocity equal to that of the incident electrons. From this we con- 
clude that back scattering in inert gases (as also in other gases, e.g. 



metal vapours) must consist of a large number of elastic collisions 
without appreciable loss of velocity (or energy). For the velocity loss 
on elastic collision see p. 89; the" thermal motions of the molecules, 
which correspond to an electron-volt- velocity of a few hundredths of 
a volt, may be neglected. More detailed calculations based on the 
experimental data show that in helium electrons of very low' velocity 
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may participate in many thousand encounters without a greater loss 
of velocity than that corresponding to elastic collisions. 

In other gases whose atoms or molecules readily pick up electrons 
(i.e. gases with so-called electron affinity) considerable velocity losses 
are observed. Their more exact explanation is not yet possible. 

Energy Transformations. — From about f3 = 0*3 upwards the 
energy given up in the velocity losses of electrons passing through 
matter is transformed almost entirely into secondary rays. In 
addition to secondary electrons, electromagnetic radiations are pro- 
duced.. i.e. 'Tight ” of the most widely differing wave-lengths. AVe 
have to distinguish between two different processes. In the first place, 
the primary electron itself gives rise to an electromagnetic radiation on 
account of its retardation. So far this has only been proved for the 
higher electron velocities (^>1000 volts), in which case the radiation 
lies ill the X-ray region. In consequence of the retardation of the 
electron an electromagnetic disturbance is set up, which is propagated 
with the velocity of light. According to the principles given in Vol. III, 
the electric field strength of the disturbance is proportional to the 
retardation of the electron, while its direction is that of the projection 
of the direction of motion of the electron upon, a plane perpendicular 
to the direction of propagation of the light. The wave-lengths of these 
radiations can be determined experimentally by the usual methods. 
The way in which these radiations are produced leads us to expect 
a spectrum containing a whole range of wave-lengths (i.e. a continuous 
spectrum). In actual fact, experiments have shown that the spectrum 
comes to an end at a certain definite short-wave limit- (Dovaxe and 
Hunt. 1915). As will be explained on p. 59, the position of this limit 
bears a simple relationship to the primary electron velocity. The. 
radiation here referred to is generally called the cant in nous X-ray 
spectrum or (by analogy with white light) “ white'' X-radiation 

In addition to the " white " radiation, electromagnetic waves arc 
emitted which are characteristic of the particular atom with which the 
electrons collide. These radiations originate in energy changes within 
the atom, caused by the electron impact (p- 73), Their wave-length 
depends upon the energy of the electron. For slow electrons they lie 
in tin' visible region; for fast electrons, in the X-ray region. The 
particular wave-length depends upon the nature of the atom concerned. 
There is another way. however, in which the atom may lose the energy 
taken up from the electron: this energy may be transformed directly 
into thermal energy by gas-kinetic encounters (so-called collisions of 
the second kind. p. HiO). 

The amount of cathode ray energy E lr transformed into white 
radiation is given approximately at the higher velocities (measured 
from 0*05 to 0*5 of the velocity of light) by the formula E 1V ZcU X 10 s , 

* (Jer. Iir< mantra til m Hfj, literally. clnreliTMtion radiation. 
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where Z is the atomic number (p. 5) of the target and U the volt- 
velocity of the electrons. 

The behaviour of atoms as regards the emission of characteristic 
radiation will be dealt with later (visible region, p. 186; X-ray region, 
p. 291). 


D. The Interaction op Matter and Short-wave 
Electromagnetic Radiation 

11. Absorption and Scattering of X-rays 

As has already been stated in Vol. III and on p. 53 above, the 
incidence of rapidly moving electrons upon matter gives rise to X-rays. 
These are electromagnetic waves (Vol. Ill, pp. 347 and 646; *Vol. IV, 
pp. 12, 165) of wave-length from 100 to 0-01 A. detectable by their 
effect upon a photographic plate, by the fluorescence which they pro- 
duce in certain materials, e.g. barium platinocyanide, and by the 
electrical conductivity which they induce in gases. 

As X-rays pass through matter (e.g. through air or metal foil) 
there is a diminution of intensity which can be demonstrated photo- 
graphically or by the reduced ionization. This diminution of intensity 
varies very much for X-rays of different wave-length, the shorter 
waves being as a rule much less affected than the longer waves. Hence 
the effect provides a practical method for roughly determining the 
wave-length region. 

The diminution of intensity is accompanied by two main effects. 
As has already been mentioned, air through which X-rays pass be- 
comes conducting. In addition. X-rays can be detected beyond the 
limits of the direct beam, which may be defined by lead screens or the 
like (the so-called secondary radiation). These secondary X-rays are 
particularly strong when a comparatively dense substance is placed 
in the path of the primary" rays. 

Formation of Carriers or Ions. — When a beam of X-rays passes 
through a cloud-chamber, tracks of the kind shown in Vol. Ill, fig. 
54, p. 337 are obtained. The tracks, which proceed from individual 
atoms in the path of the beam, prove, by their curvature in a magnetic 
field and b y the number of ions in comparison with their length, to be 
electron tracks. Thus the X-rays eject electrons from the atoms upon 
which they fall, sometimes (as measurements of the range show) with 
considerable velocity. Here we are dealing with a photo-electric effect 
(p. 133). a phenomenon which becomes especially marked in this short- 
wave region. 

The emission of these photo-electrons is found to be independent 
of the direction and state of polarization of the X-rays. Hence we 
must conclude that energy from the beam is taken up by the atom 
and there transformed into some kind of atomic energy which finally 
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leads to the emission of an electron. The details of this process 
will he discussed on p. 117. The observed conductivity of the air in 
the path of X-rays is to be regarded as due to the removal of electrons 
in the photo-electric effect. 

Provided that care is taken to ensure well-defined conditions, the 
conductivity prodnced by a beam of X-rays may be used as a measure 
of intensity. The actual method is to allow the rays to enter a suitable 
cylindrical condenser (a so-called ionization chamber) along the axis. 
Between the electrodes of the chamber is applied a potential high 
enough to produce the saturation current, the strength of which is 
then measured with a galvanometer or an electrometer. 

The shorter the wave-length of the X-rays, the more marked be- 
comes another mode of ejection of electrons from atoms upon which 
the rays fall. The electrons ejected in this effect, which is not indepen- 
dent of the direction and state of polarization of the rays, are generally 
referred to as recoil electrons. A more detailed treatment of the 
phenomenon is given on p. 235. 

Fig. 37 shows a. cloud- track photograph of X-rays of very short wave-length 
passing through, hydrogen, in which this effect is exhibited particularly well. In. 



Fig. 37. — Cl ou-d- tracks of the photo-electrons and recoil electrons (me 
latter showing as short tracks in the direction of the beam) produced by 
a beam of short-wave X-rays in hyd rogen (after I 3 othe). (Stereoscopic.) 


addition to the very irregularly distributed photo-electrons, which travel far 
beyond the path of the X-ray beam (actual width <>(> mm.), a number of short 
■electron tracks cun be seen, nearly all running in the direction of the beam. These 
are tracks of recoil electrons, which are thus seen to be ejected predominantly in 
the direction of the X-rays. 

Secondary X-rays. — A substance (e.g. a piece of metal) placed in 
the path of a beam of X-rays itself becomes the source of X-rays, which 
are propagated in all directions and may be detected by moans of a 
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photographic plate or an ionization chamber shielded from the primary 
rays by a thick sheet of lead. 

Absorption measurements or spectroscopic investigations (Vol. 
IV, p. 209) show that the secondary X-rays consist of two distinct 
constituents. The first is identical with the primary rays and is dne 
to the scattering of these by the atoms of the substance, just as light 
is scattered in milk. This component is therefore referred to as scattered 
radiation* In the second place, we obtain X-rays which vary with the 
individual character of the substance in question — so-called charac- 
teristic radiation. The production of this latter type of radiation is 
analogous to the fluorescence observed with ordinary light, i.e. the 
phenomenon in which a substance (e.g. uranium glass or a solution 
of the sodium salt of fluorescein) emits a characteristic light of definite 
spectral composition when illuminated with light of sufficiently short 
wave-length. The fluorescent light is nearly always of longer wave- 
length than the exciting light. So also for the characteristic X-radia- 
tion: its wave-length is longer than the shortest wave-length occurring 
in the primary X-rays. Hence it is sometimes referred to as 
fluorescence radiation. Its wave-length decreases regularly as the 
atomic number of the element increases (p. 75). It is characterized 
by great homogeneity, i.e. it consists of practically monochromatic 
X-rays or of a mixture of a few sharply defined wave-lengths. Tig. 46, 
Plate XVI, Vol. IV (p. 210) gives an idea of the sharpness of the 
spectrum lines of these characteristic X-rays (in this case the fluo- 
rescence radiation from aluminium). Baekla, and later Siegeahn, 
succeeded in proving the existence of several sharply defined groups 
of characteristic wave-lengths for each element. The group of shortest 
wave-length is called the K-radiation, the groups of longer wave- 
length the L-, M-, X-radiation, and so on. For further details see 
p. 73. 

Polarization of X-rays. — The passage of X-rays through matter 
is analogous to the passage of ordinary light through a turbid (and 
at the same time fluorescent) medium (the Tyxdalj l, effect, Vol. IV, 
p. 232). In the case of X-rays the turbidity arises from the atoms and 
molecules, whose dimensions (10~ 7 to ID -8 cm.) are no longer small 
relative to the wave-length. Just as in the case of ordinary light, the 
scattered rays are polarized (p. 57). The proof of the existence 
of this polarization by Bark la was of historic importance in con- 
nexion with the recognition of the transverse undulatory nature of 
X-rays. 

V\ e shall bejrin by considering the optical experiment which is analogous to 
that of 1Ueki.a. From a source L (tiy. 38) the li”ht passes through a layer of a 
turbid medium K (e.<f. a trough r on tain in.”; an emulsion of mastic). The scattered 
liyht is polarized in the plane determined by the primary beam and the direction 
of observation. Thus the layer R acts as a polarizer, A second layer Iy'% winch 
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is screened from tie primary light, is irradiated by the light which has been 
scattered and polarized in this way. The light scattered from this second layer 
shows a maximum of intensity in the direction Z parallel to the original direc- 
tion LK. At right angles to this (i.e. in the figure at right angles to the plane of 
the paper) the intensity of the scattered light is a minimum. Thus the layer K' 
acts as an analyser (ef. Vol. IV, p. 232). The same experiment may he made 
with X-rays, in which case L is replaced by an X-ray tube, K and K' by blocks 
of carbon or paraffin wax, and the eye by an ionization chamber (see fig. 39). 
Carbon is chosen because the characteristic radiation of this element is absorbed 
by the air, leaving only the scattered radiation to affect the chamber. The 
chamber is placed at or in a position at right angles to this either above or 
below the block KA As in the case of ordinary light, a maximum is 

found at J x and a minimum in 
the other position. 
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Fig. 38.— Determination of the polari- 
zation of light scattered, from a turbid 
medium. • == electric vector normal to 
plane of figure. 


(h 


Z 

Pig. 39- — Proof that X-rays can be polarized (after 
Barkla). 


The above result may be understood more clearly by reference to 
fig. 39. The scattered radiation evidently arises from the oscillation 
of electric charges caused by the primary beam. It must he borne in 
mind that the intensity of radiation is zero in the direction of oscil- 
lation (Vol. Ill, p. 624). In fig. 3D LK is the direction of the primary 
nnpolari zed beam, which, we may regard as made up of two beams of 
equal intensity polarized at right angles to one another so that their 
electric vectors are in the directions y and z. In the interior of K the 
electrons are caused to oscillate in these directions and hence to emit 
the scattered radiation. If we observe in the direction //. we got no 
intensity from the electrons oscillating in this direction (in general 
from the //-components), but the electrons oscillating in the ^-direction 
make a maximum contribution. The radiation in the direction KK' 
is thus polarized in the .///-plane, i.e. its electric vector is at right angles 
to this plane in the 0 direct ion. Xow when this polarized radiation 
passes through Ivh it sets the electrons oscillating in the ;-direetion. 
Consequently the scattered radiation from Iv' lias zero intensity in 
this direction and maximum intensity in the ./-direction (KMj). The 
fact that the intensity is zero in the c-direction thus furnishes a proof 
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of the complete polarization accompanying scattering and hence of 
the transverse iindulatory nature of the rays. 

Even the primary tc white ” radiation from, an X-ray tube proves to be 
polarized. This is easy to understand, since the electrons which are bombarding 
the anti-cathode and being stopped by it, in spite of their deflections, possess 
-an average main direction of motion., namely the direction of the incident beam 
of cathode rays. Hence the electric vector of the radiation has a greater magni- 
tude at right angles to this direction than, along it. 


The fluorescence or characteristic radiation, "whether excited by 
cathode rays or by primary X-rays, is (in general) not polarized. Only 
under special conditions involving strongly asymmetrical binding of 
the radiating atom can polarization he detected (J. Stabk, 1930). 

Spectral Distribution of Primary Continuous X-rays. — In general 
the X-rays given by a generating tube consist of a continuous range 
of wave-lengths (like white light, hence the name <e white ” radiation). 




Fig. 41. — Energy distribution of “white** 
X-rays with superimposed characteristic X-ra vs- 
Same material as fig. 40, but with maximum 
potential 16S kilovolts (A 0 -- 0 073 A.). 


This is shown in fig. 40. If, however, the wave-length, region in ques- 
tion happens to include the characteristic lines of the substance ol' the 
anti-cathode, these lines are superimposed upon the continuous spec- 
trum (see tig. 41). 1 

The white ” radiation is produced by the retardation of the 
electrons on passing into the anti-cathode. Fourier analysis of the 
retardation process leads to certain conclusions as to the distribution 
m the continuous spectrum, but actually a fundamentally different 
tact is observed: the continuous spectrum possesses a clearhj defined 
eWiraiv hunt whose absolute position depends upon the maximum 
velocity of the electrons in question. 
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Measurements show that tlie relation between maximum electron 
velocity (i.e. maximum electron energy) and the frequency of the 
short- wave limit can be expressed by the equation (AW Wien. 1907) 

hu= eU X 10 7 , 

where A = 6*55 x 10 -27 erg. sec., v is the frequency in see.“\. TJ is 
the electron volt- velocity, and e the electronic charge 1*59 X 10~ 19 
coulomh. Since A = c/k, where c is the velocity of light (3 X 10 L0 
cm. sec. -1 ), we may write 


x 12346 X 10- 8 12346 

A= __ cm .= __ 


l.u. 


Thus the short-wave limit of the continuous X-ray spectrum lies at 
1 A.U. (= 10~ 8 cm.) for an electron velocity of 12.346 volts. 

The quantities in the above equation can. be so precisely measured 
that it furnishes a very good method for determining the quantity h 
(known as Planck' s* constant') which, as we shall see later, is a universal 
constant of the greatest importance. 

Reversal of the Frequency-Energy Relation. — It has already 
been stated above that X-rays cause the ejection of photo-electrons 
from atoms. As may he seen from cloud-track photographs, these 
photo-electrons possess a considerable velocity, which when mono- 
chromatic X-rays are used has a well-defined value. It has been found 
that this value is also governed by the above relationship,, i.e. we have 

4 m v 2 — eXJ X 10 7 = h v, 

where x is the velocity in centimetres per second, and W the volt 
velocity. 

From this it follows that the fastest photo-electrons liberated by 
X-rays have the same velocity as the fastest electrons participating in the 
product ion of the X-rays. 

Intensity of the 4t White 73 Radiation. — At constant electron 
velocity this intensity is proportional to the primary electron current. 
At constant electron current the intensity increases rapidly with the 
electron velocity (approximately according to a quadratic or cubic- 
law). The spectral distribution of the continuous or “ white radia- 
tion is independent of the substance of the anti-cathode; but the 
intensity at any wave-length increases in proportion to the atomic 
number of the anti-cathode substance when other conditions are kept 
Constant- 

Quantitative Relationships for Absorption and Scattering. — When 
a parallel beam of monochromatic X-rays passes through a layer of 

* Max Planck, born 1 Sf>8 at Kiel, since lSiSO Professor at UerLin. University, 
was awarded a, Nobel Prize in 1£)1S. 
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matter of thickness d, the incident intensity I 0 is reduced to the 
value I = I Q e~^ d y where e is the base of natural logarithms and g. is 
a constant whose value depends upon the absorbing material and the 
wave-length of the X-rays. This diminution of intensity is due to 
absorption (causing fluorescence radiation, photo-electric effect, &c.) 
and to scattering.* Thus /x may be regarded as made up of two parts, 
ft = r -j- cr, where t- is the absorption coefficient and a the scattering 
coefficient. It is usual to refer these coefficients to unit mass by divid- 
ing by the density p. Thus we have 



As a rule what is actually measured is pi/p, the total mass absorp- 
tion coefficient- This is the diminution of intensity when a beam of 
X-rays of unit cross-section passes through unit mass of the material. 
It has been found that the mass absorption coefficient of an element 
is independent of its state of chemical combination, i.e. that the 
absorption is an atomic property. Hence use is often made of the 
so-called atomic absorption coefficient = it^lp) X (A/U), where A 
is the atomic weight in question and X is Avogaclro’s number. 



Fig. 42. — Diminution of intensity of X-rays in platinum (Z == 78) as a 
function of the wave-length (after Compton) 


The magnitude of fj./p varies very greatly with the wave-length. 
Fig. 1*2 gives, as an example, the values for platinum. A very remark- 
able fact is that discontinuous variations of the absorption coefficient 
occur at the short-wave limit of the spectral region where K-, L- and 
AI-emission (p. 56) take place. (For the explanation of this see p. 292.) 
These discontinuities of absorption are accordingly referred to as the 
K-edge, Ac. As may be seen from fig. 42, the L-edge consists of three 
steps called LI. L II. and LIII. 

The relationship of ju itt and the atomic number is similar. Values for 
a wave-length of 1 A.U. are given in fig. 43. It is important to note 

* \ n addition tliere are energy losses due to collisions of tlia X-rays witli electrons 
(the CoMrrns effect). This is only of im£>ortance fur rays of veny .short wave length. 
For further details see p. :2d-4. 
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that a smooth curve is only obtained if the elements are arranged in 
the order of their atomic numbers (and not of their atomic weights). 
This was shown in particular for the elements Te, Co. Ni. C\i bv 
Rtohtmyeb and Waeburtoin in 
1923. 

Fig. 43 shows a sudden jump 
in the absorption at the element 
whose K-edge (or L I ? LII, 

LIII edge) becomes less than 

i A.u. 

For the elements of lower 
atomic weight the limiting value 
of <y/f> is 0*2 (up to about Z — 30). 

For heavier elements c rjp rises to 
0-7. As can be seen from the 
numerical data for the ordinates 
of figs. 42 and 43 and by reference 
to the equation of p. 60, scattering becomes increasingly important 
at short wave-lengths, where it accounts for a considerable fraction 
of the energy involved. For the longer wave-lengths, however, the 
absorption of the rays by atoms with ejection of electrons plays the 
chief part. 

Within a continuous region of absorption increase the value of 
T -//0 is well represented by CZ 4 A 3 , where G is a constant. Thus over 
such a region the absorption of a definite element of atomic number 
Z is proportional to A 3 , and for a definite wave-length A the absorption 
is proportional to Z 4 . We see that elements of higher atomic number 
absorb X-rays of a given -wave-length to a very much greater extent 
than elements of lower atomic number (provided that the wave-length 
in question is not near an absorption edge). 

Practical Applications of X-ray Absorption. — The medical and technical 
applications of X-rays for the examination of the interior of opaque substances 
depend upon the above fact. In those applications the rays are made to pass 
through the material under investigation and the shadow produced is observed, 
either photographically or upon a fluoreseent screen. As in all eases of shadow 
formation, the sharpness of the shadow's increases as the source is; made more 
nearly equivalent to a point, i.e. the smaller and farther away it is. 

Tilt* greater the difference between the absorption coefficients of the main 
substance and of the foreign body embedded in it. the greater is the contrast in 
the shadow image. Hence from what we have said above it is clear that the 
results depend chiefly upon the chemical nature of the materials used; the 
greatest absorption (deepest shadow) is id von by the elements of highest atomic 
number. This is why bones., whieli contain calcium (Z if ive deeper shadows 

than ordinary tissue in medical A -ray photographs (see tig. 44). If it is desired 
to obtain shadow' photographs of organs which do not themselves absorb 
sufficien tly strongly, they are first tilled with substances containing atoms of 
high atomic number (bismuth or barium). The absorption, coettieient also 



Fief. 43 . — Diminution of intensity of X-rays 
of wave-length i A. in substances with different 
atomic numbers Z (after Compton). 
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increases with increasing wave-length. Hence in order to get conveniently short 
exposures it is necessary to choose sufficiently short wave-lengths. The range 

used in medical diagnostic work is about 
0*4:8 to 0*76 A. IT. In the testing of 
metals for flaws the potential difference 
used in generating the X-rays most be 
chosen roughly as follows: for aluminium 
(up to 10 cm. thick) about 100,000 volts; 
for iron and brass (6 cm. thick) 200,000 
to 230,000 volts. For thicker pieces of 
metal the still shorter y-rays from radio- 
active preparations have occasionally 
been used. 

The spectral composition of a beam 
of X-rays may be modified by the intro- 
duction of an absorbing screen. As the 
absorption increases in proportion to Td, 
the filtered rays will contain a much 
smaller proportion of the longer wave- 
lengths, and will therefore as a whole be 
rendered more nearly homogeneous. By 
making suitable use of the marked dis- 
continuities in the absorption curves of 
the screen substances, it is possible to 
filter out very narrow spectral regions 
without too great a reduction of intensity. 


Fig. 44. — Variation of absorption, of X- 
rays with the atomic number (Ca and P in. 
bones, as compared with C, H, and O in 
flesh). 


The Number of Scattering Electrons. — We may imagine that wlien 
X-rays, which consist of electromagnetic waves, pass through matter, 
the electrons in the atoms are made to oscillate in step with the oscil- 
lating electric field, just as in the case of long electric waves. Each 
oscillating electron thus becomes the source of new waves of the same 
wave-length, which pass out from it in all directions. In other words, 
the incident rays are scattered. If a number of electrons are affected 
simultaneously by the incident wave, special considerations arise. 
In the case of long waves all the electrons oscillate coherently, i.e. in 
phase, within a region comparable with the wave-length. For visible 
light the electrons of any given molecule oscillate coherently, but not 
the electrons of different molecules. For the very short waves of X-rays 
the electrons within a single atom may be regarded as individuals, 
i.e. behave incoherently. Hence the intensities of the scattered waves 
sent out from them may be added together, whereas in the ease of 
coherently oscillating electrons the field strengths must be added and 
interference phenomena arise. 

According to Maxwell’s classical theory, the energy radiated in 
unit time by an accelerated charge of e electrostatic units is given by 



Here dc'dt is the acceleration of the electron, which is proportional to 
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the electric field strength. E* of the incident waves, i.e. m dv/dt = — 
provided that the electron may be treated as if it is free and the forces 
binding it to the atom axe negligible. 

With this proviso we obtain the following value S s for the energy 
scattered in unit time by the electrons of the n atoms contained in 
a unit cube of the substance: 


S H = 


1 e~ 
3 c 3 



n Ze 4 E 
>u 2 c z 


where 2 is the number of electrons per atom. The energy S t - of the 
incident rays per unit area and unit time is = cE/v(4t 7). The ratio 
S„,/S; is the absorption coefficient of the substance in question, hence 

’ ^ SrrehzZ 

* si ' 


Putting the density p equal to nAJ N, where A is the atomic weight and 
N is Avogadro’s number, we obtain 

g 8ye 4 XZ Z 

p 3iiVi" V *A‘ 

The value of K comes out as Oh. 

Now it has already been stated that alp — 0 *2 for the lighter 
elements (for which the neglect of the binding forces is more or less 
permissible, p. 61). Hence it follows that Z'A= 0*2 1)4= 4, i.e. the 
number of scattering electrons in an atom is (for the light elements) about 
half the atonic weight . 

This result, obtained by J. J. Thomson in 190(>. had a very impor- 
tant bearing oil subsequent theories of the structure of matter (p. tt2). 


12. Scattering of X-rays by Centres occurring at 
Regular Intervals 

Crystals as Gratings. — When X-rays are scattered by centres 
arranged at regular intervals, interference phenomena similar to those 
observed with ordinary light and gratings may occur. It has already 
been mentioned in Yol. IV (p. 20V)) that X-rays give the same diffrac- 
tion effects as visible light when incident on a grating, provided that 
the angle of incidence is suflic iently large. Ail alternative method of 
obtaining interference effects with X-rays is to choose a grating with 
a very much smaller constant, corresponding to the shorter wave- 
length of X-rays as compared with visible light. 

In this connexion Lack, in 191A suggested an idea destined to be 
one of the most fruitful in modern science. He pointed out that suitable 
gratings lie ready to hand in crystals, in which the regular spacing of 
the constituent atoms is comparable with the wave-length of X-rays. 
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It had always been a cherished belief with mathematicians and 
mineralogists that the external symmetry of crystals was due to a 
regular internal arrangement of molecules. Once we knew how to 
calculate the number of molecules per unit mass (Vol. II, p. 53), it 
became possible to estimate their distance apart. We may consider 
a cube of copper of 1 cm. edge and imagine the atoms to be arranged 
at equal distances apart. Then we may divide up the cube into a large 
number of tiny cubes, each containing one atom. If N is the number 
of atoms in a gramme- atom, A the atomic weight, and p the density, 
the volume of a gramme- atom is A jp and the volume of each of our 
tiny cubes is A/(pN). The length a of the side of the tiny cube is 
vA/(pN). In the case of copper, for example, we have A= 63*57, 
N = 6-06 X 10 23 , p — 8-9 gm./cm. 3 . Hence we obtain a = 2*3 x 10~ s 
cm. Similar values are obtained for other substances, even if we con- 
sider other arrangements of the atoms, which of course are not always 
distributed regularly in cubes as assumed above. 

We see that the distance between the atoms in crystals is of the 



Fig. 45. — DifTractiort pattern 
seem when a distant monochromatic- 
point-source is viewed through two 
linear gratings superimposed at 
right angles. 



Fig. 46. — Diagram of apparatus 
used by Friedrich and Knippinpr, 
on Issue’s suggestion, to demonstrate 
the diffraction of XL -rays. A anti- 
cathode, B — slit, K crystal, P 
plate, S and S' --diffracted ruys. 


same order of magnitude as the wave-length of X-rays as determined 
by diffraction experiments with slits. If then the atoms are really 
arranged as regularly as is suggested by the external regularity of the 
crystals, diffraction effects must occur when X-rays pass through 
crystals, just as diffraction effects are observed when light passes 
through linear gratings, that is, the ordinary ruled gratings, or 
two-dimensional gratings (e.g. if we look at a distant source of light 
through a fairly loosely woven cloth (fig. 4b)), O 11 this principle, but 

with a three-dimensional grating instead of a two-dimensional, depends 
the apparatus used by Friedrich and Kxipimxu ( 1912 ) at Lands 
suggestion. A narrow beam of "white 5 X-rays, after passing through 
suitable apertures in lead screens B (fig. 46). falls upon the crystal K. 
Behind the crystal and not too far away from it is placed a photo- 
graphic plate P. Fig. 47 shows one of the first successful photographs, 
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which, was obtained by passing the X-rays through a thin plate of zinc 
blende in the exact direction of the crystal axis. In the middle is the 
point of incidence of the primary beam, which is recorded as a heavily 



rig. 47- — L»aue pattern for X-rays passing through a ZnS crystal 
parallel to tht; axis 


blackened spot. Around this lie a number of much feebler spots dis- 
tributed with fourfold symmetry (corresponding to the symmetry 
of the crystal axis). These spots, which lie on straight lines passing 
through the central point, correspond in 
part to the spectra of different orders, 
and their intensity falls off rapidly as 
the ordinal number increases. The dif- 
ferent groups of spots also correspond 
to different wave-lengths in the X-rays, 
as we shall now explain in greater detail. 

Calculation of the Interference Pattern 
given "by a Three-dimensional Grating. — 

AVe shall confine ourselves to the ease of 

parallel rays, as this suffices for an understanding of the underlying prin- 
ciples. YYe begin by considering the phenomena of diffraction by an 
ordinary linear grating in a somewhat more general way than we did in 
Yol. IV. p. 20a. The points of tig. 48 represent the diffraction centres (e.g. 
the intersections of the spaces of the grating with the plane of the paper). 
(eo:>7) 



E'iy. 4S . — Diffraction by a 
grating 
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The rays shown will reinforce one another in those directions for -which 
the path difference of neighbouring rays is a whole wave-length or a 
whole number of wave-lengths. Let cl and cl be the angles of incidence 
and diffraction respectively (the angles with the normal) and b the 
spacing constant of the grating. Draw BN perpendicular to NA and 
AM perpendicular to MB (see fig. 48). Then the path difference between 
neighbouring rays after diffraction is clearly BM — NA= b sin cl' — b sin a. 
Hence reinforcement and maximum intensity in the diffraction pattern 
will occur when 

6 (sin cl' — since) = n\, 

where n is an integer. If, on the other hand, n = -J or an odd 
multiple of interference will occur and a minimum of intensity 
will result . 

A two-dimensional array of points (double grating) may in the sim- 
plest case be regarded as a periodic repetition of the one- dimensional 
grating in a plane (fig. 49). We now think of a beam incident upon 


. j 


4 \ 

J i 

F' 


Fig. +g. — Square double 
grating 

this two-dimensional array at an oblique angle to the plane of the 
figure. Behind this plane there will be points of reinforcement where 
the path differences from all the openings are integral multiples of a 
wave-length. Hence if a and a / are the angles of incidence and dif- 
fraction respectively, referred to the x-axis of the grating, and j3 and 
P' the corresponding angles referred to the y- axis, the conditions for 
reinforcement are 

&(sin cl — sin a) — 
b( slnjS' — sin fi) — n 2 A. 

The combination of these two equations gives a double array of spectra, 
as shown in fig. 50. If the light is monochromatic, so that there is 
only one value of A, the diffraction pattern consists of a number of 
points (sec fig. 45). 

\A e now pass on to a three-dimensional array of scattering centres 


Fig. 50. — Diffraction spectra of white 
light produced, b;y a double grating 
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(fig. 51), confining our attention to the simple cubic case where the 
spacing constant b is the same in all 
three directions. Here we have three 
conditions for diffraction maxima: 


&(sina / — • since) = n x X, 

6(sin /?' — sin/3) = n 2 \, 

&(siny' — siny) — ^ 3 X. 

We may solve these equations for sincx 7 , 
sin fi r , siny 7 , and then square and add, 
remembering; that 


and 


sin 2 at -f- sin 2 /? -f- sin 2 y = I 
sin 2 a' -f- sin 2 /?' -f- sin 2 y' — 1 . 



Fig. 51. — OifTraction of X-rays 
by a space lattice 


In this way we obtain the following result: 

1=1+ 2(n x sin a -\-n. 2 sin £ -f- n 3 sin. y) ^ -f- (4 2 4- n 2 2 + 
■whence 


A 


2 b(n 1 sin a « 2 s i n y® -+“ n s siny) 
_ 


“ ■ 




n* 


Since n x , n 2 , n 3 are small integers (the spectra of higher order being 
very feeble), we see that for an interference maximum to occur when 
the angle of incidence is given, the wave-length must have a perfectly 
definite value (or one of a few definite values). Thus the rays diffracted 
by the space lattice for this given angle of incidence do not contain all 
the incident wave-lengths, but only certain definite wave-lengths. 
For a given angle of incidence the rays diffracted in a certain direction 
have a perfectly definite wave-length. If 2d is the angle between the 
incident ray and the diffracted ray, then, by an elementary formula 
of Solid Geometry, 


cos 2# = sin a sin a 7 sin/? sin J3' -f siny silly 7 . 


Hence, oil squaring and adding the original equations we finally obtain 


sm u — y //y /U“ — 

If the lattice spacing is different in different directions (a. h . e) in space 
and if the axes of the lattice are inclined to one another, the expression 
also involves the spacing constants e, b : c and the mutual inclinations 
of the axes. 
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We see that the different spots in the Laue photograph of fig. 47 
correspond to different wave-lengths. Hence in the Lane method it 
is necessary to use ec white 57 X-rays (a continuous spectrum, contain- 
ing a range of wave-lengths). The interference effects at the lattice 
then select quite narrow wave-length regions for the building of the 
pattern, which thus depends ou the structure of the crystal used. 

So-called Reflection of X-rays. — The above phenomena may be 
regarded somewhat differently (as was done by W. H. Bragg and 
W. L. Bragg, ^ 1913). The space lattice may be looked upon as a suc- 
cession of planes, the planes in which the lattice points are situated 
(see fig. 16, Yol. I, p. 274). 

We now consider a parallel team of monochromatic X-rays incident 

upon a succession of planes at the glancing 
angle cl. Diffraction occurs at the scattering 
points lying in the planes. The maximum 
intensity from any single plane is in the 
direction corresponding to ordinary reflec- 
tion of the beam. Two successive planes 
are shown in fig. 52, the respective points 
of incidence of two rays being A 0 and A L . 
These two points are chosen so as to lie on 
the normal to the two planes, so that the 
distance AqA-l is equal to d , the spacing 
constant. Both the rays undergo the reflection just referred to, and 
if we assume that the refractive index is unity, the path lag of the 
second ray relative to the first after leaving the planes is 

BAj + A l C = 2A 1 C - — 2A 0 A 1 since = 2d since.. 

The rays reinforce one another when this path difference is an integral 
number of wave-lengths. Hence t \e reflection from the whole succession 
of planes must take place at certain perfectly definite angles. These 
angles for which an incident beam is regularly reflected with maximum 
intensity are given by the equation (the Bragg relation) 

2 d sin a = ?i A, 

where n is an integer. The greater the number of planes, the sharper 
are the maxima and the more nearly monochromatic are the rays 
reflected at a given angle, since the neighbouring wave-lengths can cad 
one another by interference. This is analogous to the case of an ordinary 

^ lui.ui H. Eraga, horn in 186:2, became Professor at Adelaide Rniversitv 
m 18S6, at I.cods in 1909, and in London in H>15; is now Director of the Royal In- 
stitution, 1,011(1(111. He ivfls awarded the Nobel Prize (together with liis scm'W. L. 
-Bragu) in 1915 for work on X-rays and crystal structure, and was knighted in 1920. 

\Y. L. Braco, bom in 1890 at Adelaide, became lecturer at Trinity College Cam- 
bridge in 1914, and since 1919 has been Professor of Physics at Manchester University. 



Fig. 52. — Reflection at lattice 
planes 
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linear grating, for which the sharpness of the spectral lines increases 
with the number of rulings. 

Thus when “white radiation falls on a space lattice (ot a regnlaT 
succession of reflecting planes) at a given angle of incidence, only one 
wave-length (or rather, one set of wave-lengths, obtained hy putting 
n = I, 2, 3, , . . in the above equation) is reflected. If the incident 
radiation is monochromatic, then reflection occurs only at one angle 
(or rather, one set of angles). 

Whereas in the optical case these phenomena are only realized in 
the experiment described in Vol. Ill, p. 643, the two Bragg & have 
shown that with X-rays the phenomena 
occur in every reflection at a crystal face, 
owing to the penetration of the X-rays into 
the interior of the substance in question. 

It can easily be shown that this reflection 
condition is identical with the conditions obtained 
above in the discussion of diffraction, i.e. that 
the mean plane M between the incident ray and 
any possible diffracted ray (see fig. 53) must 
always be a lattice plane (Vol. I, p. 274). 

Let 0 be the origin of a system of rectangular 
co-ordinates with its axes in the directions of the 
crystal axes of the cubic crystal under considera- 
tion, and let the points P and Q be at unit dis- 
tance from O. Then, if we use the notation of 
the previous pages, their co-ordinates are (sin oc, 

sin (3, siiiy) and (sin a', sin (3', sin y') respectively. Let any point R in the mean 
plane M have the co-ordinates (jc 9 y , z). Then since PE = QR, we have 

siny) 2 

sinae') 3 -f- (y 

a:(sin oc' — - sin oc) f|| i/(sin — sin (3) -{- -(siny 

Substituting the diffraction conditions &(sincx' — sinx) = <S:o., we obtain 

npc -n.yif -j- = 0. 



Fig. 53. — To illustrate the deriva- 
tion of the Bragg condition from the 
diffraction at a space lattice. 


(x — sin 


or 


*) a + (y — Sinfi ) 2 + (z 
= (* 

sin a) «| i/(sin fi 


sin [i'f +- (z — 
sin y) — 0. 


sin 


This equation expresses the fact that any plane parallel to X cuts off intercepts 
on the crystal axes inversely proportional to the integers aq. n a , n :i respectively, 
lint this means that M. is a lattice plane. Suppose that p is the greatest 
common factor of n j, w 2 » so that ?q &c. The numbers h are calk'd 

the crystallographic indices (Miller indices) of the plane M. and are used in 
crystallography to determine this plane. Xov the distance d between two 
succ os wive lattice planes parallel to a plane with the indices h 2 . /m, h 3 is 
given by 


1 

d 


V : f s K 


where b is the spacing constant. Substitution t >f this in the tinal equation on 
p. (>7 gives Kmug’s reflection relation. 
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The X-ray Spectrometer — The fact that the reflection ” angle 
depends on the wave-length can be used for the spectral analysis of 
X-rays. The beam, restricted in cross-section "by passages through 
successive slits in lead screens, is allowed to fall on the crystal, which 
is then rotated so as to vary the angle of incidence. The reflected beam 

for any position of the crystal con- 
tains only those wave - lengths 
which satisfy the Bragg relation. 
Hence as the crystal is rotated the 
different wave-lengths are reflected 
at different angles and produce 
separate images on a suitably 
placed circular photographic film 
(see fig. 54). As is the case with 
grating spectra of ordinary light, 
the lines of the different orders 
may overlap. Instead of the photographic film an ionization chamber 
with a slit may be used. The crystal may then be kept at rest and 
the chamber rotated to successive positions so that the different wave- 
lengths fall on its slit (ionization spectrometer). 

In order to determine the spectral composition of a beam of X-rays 
in this way, it is necessary to know the type of the crystal lattice and 
the lattice spacing. Conversely, if the wave-length of the X-rays is 
known, the angle of reflection may be used to determine the lattice 
spacing. 



Fig. 54.- — Diagram to illustrate the 
rotating: crystal method 



Fig. 55. — Rotating crystal record obtained with ionization chnmber. 
L-series of tungsten (40 kilovolts) and a calcito crystal 


Fig. 55 shows a record obtained with an ionization chamber and 
self-registering electroscope (A. H. Coiirro^). The continuous back- 
ground with its sharp limit on the short-wave side can be seen; also 
the fall of intensity towards longer wave-lengths, which is due mainly 
to absorption in the glass of the tube. Superimposed on these are the 
characteristic radiations of the tungsten anti-cathode: several lines of 
the L- series appear in the figure. In order to get the lines of the K-serios 
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(p. 73), which, have much shorter wave-lengths, it is necessary (see the 
relation given on p. 59) to use a potential of at least 75 kilovolts to 
accelerate the electrons in the tube (fig. 40, p. 58). 



Cu 

Ka 


Fig-, 56. — Portion of X-ray spectrum obtained by the rotation method. 
The L -series of ytterbium 

[From Siegbahn, Spektraskopie der 'R.dntgenstra.hlen (J. Springer, Berlin).] 


Now that we know how to produce X-rays of great intensity by 
easily controllable means, the photographic method is used almost 
exclusively. The ionization chamber method is still used, however, 
for accurate measurements of intensity. 

Pig. 56 shows a portion of an X-ray spectrum 
obtained by the rotating crystal method. In 
practice a narrow beam, passing through slits in 
lead screens, is generally used; to obtain greater 
intensities, however, a divergent beam may also 
be employed, but in this case the him must be in 
a quite definite position. This focussing condition 
is as follows. The film and the entrance slit must 
lie upon a circle whose centre is on the axis of 
rotation of the crystal (see fig. 57). If this is so. 
then even with a divergent beam rays of a definite 
wave-length only can strike any given point of the 
film. Thus when the crystal is in the position K 
(fig. 57), the ray shown as a continuous line 
when the crystal comes to the position K'. the 
wave-length) shown by a dotted line is rebooted to the 
the film. The Bragg condition is fulfilled in both eases: for all the 
angles subtended by the chord SC at the circumference of the smaller 
circle of the figure are equal, and the angle between MK and Mb' is 
equal to that between the two rays in question. 
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The Bragg principle may Tbe applied in other ways. Thus fig. 58 
is a diagram of Seeniann’s so-called knife-edge method. The slit is prac- 
tically on the crystal surface, so that only the portion of the crystal 
in the immediate neighbourhood of the knife-edge is effective. The 


X 



K 

Fig. 58, — Seemann’s knife-edge Fig. SO- — Reflection, at internal planes 

method (Rutherford and Andrade) 


crystal may therefore be very small. In the case of very hard X-rays 
(i.e. very penetrating X-rays, or rays of very short wave-length) 
the beam may be allowed to pass directly through the crystal (fig. 59), 
use being made of the reflections at the internal lattice planes (repre- 
sented by the horizontal lines of the figure). 

These are the methods by which the wave-lengths of y-rays (p. 21) 
have been determined. 

Reflection at Different Crystal Faces. — In any crystal there are various sets 
of lattice planes with different spacings (see fig. 15, Vol, I, p. 274). Hence spectra 
of different appearance may be obtained with the same crystal and the same 
X-rays, according to the angles which the crystal surfaces make with the crystallo- 
graphic axes. For instance, a rock-salt crystal (which is usually bounded by 
cubic planes of its lattice) may be ground down to an octahedral or dodecahedral 
form. As we see at once from the figure just referred to, however, the density 
of lattice points on planes separated by small distances is less than in planes 
which are farther apart, and the diffraction effects are accordingly loss intense. 

The Debye- Scherrer Method. — Instead of rotating a single crystal, 
it is possible to use a large number of very small crystals arranged 
at random (the so-called powder method) The powder contains crystals 
pointing in all directions, so tbat there will always be some crystal 
faces inclined so as to exhibit any given type of reflection. The powder 
is pressed into the form of a small rod about 1 mm. thick and 1() mm. 
long, and this is placed along the axis of a circular camera. A narrow 
beam from a system of slits is then allowed to fall upon it; reflections 
occur at all the faces lor which the Bragg condition is satisfied. In 
order to make sure that all possible orientations of the crystals arc 
represented, the powder may be rotated during the exposure. The 
rays corresponding to any given type of reflection form a cone whose 
axis is the line of incidence and whose angle is twice the angle between 
this axis and any reflected ray. 
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Fig. 60 is a reproduction, of a powder photo- 
graph obtained in this wa y. The lines are the 
intersections of the cones with the cylindrical 
him. This method is used with, monochromatic 
X-rays to determine the crystal structure of 
powders. 

13. X-ray Spectra 

The above interference methods enable us to 
determine the crystal structure of solids if the 
wave-length of the X-rays used is [known. This 
w T ill be discussed in greater detail in Chapter VII 
(p. 404). Conversely, if the crystal structure is 
known, these methods serve to determine X-ray 
wave-lengths very accurately. If we apply the 
Bragg condition (p. 68), we have only to measure 
the angle at which reflection occurs. The distance 
d between successive lattice planes is knowu for 
many crystals (see p. 407). The maximum d - values 
for some commonly-used crystals are as follows: 

Bock salt: d — 2*814 X 10~ s cm. 

Calcite: d— 3*029 X l(k 8 cm. 

Sugar: d= 10*572 x 10~ 8 cm. 


Melissic acid has the very large value d = 73-5 X 
10~ 8 cm. 

The longest wave-length theoretically measur- 
able with any given crystal is that for which the 
glancing angle is DO 0 (i.e. normal incidence). The 
Bragg condition then reduces to A = 2d for the first 
order. Actually for practical reasons (insufficient 
intensity) glancing angles greater than 60° are 
not used, so that the longest wave-length which 
can be measured is in fact much shorter. For soft 
X-rays mechanically-ruled gratings arc therefore 
used (see Vol. IV, p. 209). 

The spectroscopy of X-ravs gives the follow- 
ing results. As has already been concluded from 
direct absorption measurements (p. 50). each ele- 
ment emits characteristic X-rays lying in widely 
separated regions referred to (in order of increas- 
ing wave-length) as Iv, L. M, X, &c. Bach of 
these regions contains a number of characteristic 
lines, this number increasing from K onwards. 


Fig-. Oo. — Powder spec- 
trogram of a. mol yl>denu.rrk 
wire, usiny a chromium 
rtnri - cathode (llebyc- 
Sclierrtsr method}. [See- 
nnnn laboratory. FrU- 
burym] 
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In contrast to the great differences exhibited by optical spectra, the 
X-ray spectra of all the elements are very similar in structure, 
especially in the short-wave region. Thus K-spectxa chiefly consist 
of two lines, the strong Ka line and the weaker line of shorter wave- 
length EL/3. With high resolution each of these lines is found to be 
double or triple (the components being denoted by a l9 <x 2 , /? 2 , {3$, 

&c. 3 in order of increasing wave-length). Some K-series are shown 



Pig. 61. — K-series 

(for elements between arsenic (Z = 33) 
and rhenium (Z = 47)). 


in fig. 61. The L-series (see fig. 62) are considerably more complicated. 
Here there are three main groups of lines, labelled a, /?„ y as before. 
The M-series are still more complicated and display greater individual 
differences. 

In connexion with the origin of these spectra the following fact is 
of great importance. The wave-lengths of the emitted spectra are 
longer than those of the corresponding absorption edges. For the 
excitation of a given line, e.g. a Kot line of wave-length A a , it is not 
sufficient (as might be thought from the equation gicen on p. 59) to 
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use the potential U == hv^je. The continuous spectrum will have the 
short-wave limit A a> but the characteristic Ka line will not appear 
(see fig. 63). RTot until the potential reaches such a value that the wave- 
length of the K absorption edge can be emitted, does the characteristic 
K-spectrum make its appearance. Then all the X lines appear simul- 
taneously. The same is true for the L-series and the other series (due 
account being taken of the fact that there are a number of absorption 
steps (p. 60)). Thus in order to cause the emission of a series, the 
potential used must be at least that corresponding to the wave-length 
of the corresponding absorption edge. 
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Fig. 62 . — L-series 


Au 


T\ 


Pfa 


For the bearing of this fact on the theory of X-ray spectra see p. -'93. 
Another important fact is that the different series, and also certain 
lines of a particular series, are only given by elements with atomic 
numbers above certain values. Thus, for example, the I\ a line can be 
followed for the elements down to boron (Z — 5, A = 70 A. approx.), 
but the K/3 l line appears first for sodium (Z=ll) (cf. fig. 64, p„ 77). 

Relations between the X-ray Spectra of the Different Elements. — * 
The different spectra reproduced in figs. 01 and 52 are all on the same 
scale. It is seen that there is a regular displacement of the lines towards 
the shorter wave-lengths as the atomic number of the element (given 
on the left in the figures) increases. This fundamental fact was first 
discovered by Moseley * in 1913. Fig. 04 is a diagrammatic arrange- 
ment of the spectra, which brings out. the regularities very clearly. 
Mosbley showed that corresponding lines (e.g. Iva lines) of the dif— 

* H. G. J. Mostslev (1887-1 <)lf>) worked at Manchester under RuthekfoBD and 
later at Oxford; lie was killed at Gallipoli on loth August, lt)l5. 
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ferent elements had frequencies which very nearly satisfy the equation 
yV = (Z — where v is the frequency, Z the atomic number, 

and R and b constants ( b is approximately unity). Thus if we plot 
yV or y'fv/R) against Z, we obtain straight lines (fig. 65). The Moseley 
relationship holds particularly accurately for the K-series. The “ lines ” 
foT the other series show deviations from the law, and these deviations 
are of great significance in the theory of atomic structure. This will be 
discussed more fully on p. 297. The investigations of Moseley axe of 
fundamental importance from several points of view. In the first place 

they show T ed that a regular 



sequence of spectra is only 
obtained when the elements 
are arranged in the order 
of atomic number , and not 
in the order of atomic 
weight. This provides 
strong support for the 
order of the elements in 
the periodic classification, 
based on chemical proper- 
ties, &c. 3 which also shows 
deviations from the order 
of atomic weight, e.g. in 
the cases of I — Te, A — Iv, 
Co — Xi. In addition to 
this, Moseley’s experi- 
ments for the first time 
made it possible to predict 
the existence of elements 
as yet undiscovered. These 
predictions have since been 
verified in a number of 


Fig- 63.- — Relation of K-emission to the exciting- 
potential (after Webster) 


cases, e.g. hafnium, rhe- 


[From Handbuch der Exp erimen tal physik, Yol. XXIV, a 


ilium, and masurium. The 


(Akademische Verlagsgesellschaft, l.eipzig).] 


elements 151, 85, and 87 have 


not yet been discovered 
for certain. The Moseley relation furnishes an extremely important 
and very accurate method of detecting such new elements, since it is 
possible to calculate the positions of the X-ray lines of the unknown 
element easily and accurately from those of the neighbouring known 
elements. Extremely small quantities of material placed on the anti- 
cathode of an X-ray tube suffice for a determination of the charac- 
teristic X-ray frequencies, and so the presence of a new element may 
be detected even when it is present in such small quantities that direct 
chemical methods cannot be applied. The full significance of Moseljey 5 s 
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law (in particular the meaning of the numerical values of the constants), 
however, will not be apparent until later (p. 294). 

Absorption Spectra. — The spectral investigation, of absorption 
presents no new features and may he carried out by the photographic 

or ionization methods already 
mentioned. One peculiarity 
of the photographic method 
is that the silver and bromine 
in the photographic emulsion 
give their own absorption, so 
that all photographs (p. 169) 
in which the continuous 
spectrum is sufficiently strong 
exhibit a discontinuity of ab- 
sorption (the absorption be- 
coming stronger on the short- 
wave side of the absorption 
edges). From the point of view of the energy involved, the beginning 
of increased absorption at an absorption edge is easily understandable 
(p. 135); for all the rays with wave-lengths lower than the absorption 
edge use up a certain amount of their energy in exciting the emission 
of the corresponding characteristic lines. This is illustrated in fig. 66. 

E. The Passage or «-eavs through Matter 

14. Absorption and Formation of Ions 

Besides electrons and electromagnetic waves (see above), we may 
also use corpuscular rays (e.g. canal rays) for investigating the struc- 
ture of matter. Radioactive substances form an important source of 
such particles travelling at high speeds, namely, the a-rays (helium 
atoms with a double positive charge). As we have already stated on 
p. 17, the <a-particles from any given radioactive change have a well- 
defined velocity, and their high power of penetration through matter 
makes them very suitable for investigations of structure. In what 
follows we shall confine ourselves to the results of experiments with 
a-particles. 

The Absorption of ot-p articles. — As was mentioned on p. 17, 
a-particles lose their energy as they pass through matter and can 
only travel certain distances. It is a very remarkable fact that the 
number of a-particles penetrating through different thicknesses of a 
material medium remains practically constant up to a certain thick- 
ness (the so-called range), at which it then rapidly falls off to zero. 
This can be verified experimentally by counting the number of scin- 
tillations produced per minute on a screen by a beam of a-rays in air, 
the screen being placed successively at different distances from tire 



yj 

Fig. 66. — Relation between absorption and 
emission for an X-ray series 
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source and due account being taken of tie change in the solid angle 
subtended by the screen at the source. Cloud-chamber photographs 
of a~ray tracks also show the very definite value of the range directly 
(see fig. 6, p. 19). 



Fig. 67. — Range of a-particles of RaC' in air (curve IST) and. variation of velocity 
with distance (curve t>) 

The curve NT of fig. 67 represents the percentage of a-particles penetrating 
different thicknesses of air at 0° and 760 mm. pressure. The particles in question 



Fig. OS. — Variation of the range of a-particles 
[From Rutherford, Chadvvicli, and Ellis, Radiations jrom Radioactive Substances. 1 

are from a 1 ia(F source. The range is defined as the point at which the steep fall 
of the curve would cut the axis when produced, in. the present ease the range 
is 6- 1)7 cm. The corresponding curves for the a- rays from other sources are ob- 
tained Iby simply displacing the zero of the axis of abscissa?. Thus fur particles 
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with a range of 4 cm. the axis of ordinates must be erected at the point corre- 
sponding to 3 cm. in fig. 67. In actual fact all the particles are not affected in quite 
the same way in their passage through the large number of atoms in their range 
(for the a-partieies from RaC' this number is about ten million), and so the ranges 
of individual particles vary slightly. This is shown in fig. 68 (magnified about 
2| times). 

The range of a-particles in air is reduced by placing a thin layer of 
some solid material in their path. This effect is expressed in terms of 
the corresponding distance in air at 0° C. and 760 mm. pressure, i.e. 
the thickness of air which has the same stopping power as the solid 
in question. For example, an aluminium foil 0*001 mm. thick is equiva- 
lent to 0*17 cm. of air. Tor the slower a-particles the air equivalent 
depends upon the initial velocity. Some numerical values are given in 
Table IX for a-rays with a range of 6 cm. (corresponding to an initial 

Table IX 


Material 

Mg.. 'em.* equivalent 
to i cm. Air at r 5 ° C. 

Thickness in mm. 

A1 

1-62 

0-006 

Cu 

2-26 

0-0025 

Ag 

2-86 

0-0021 

Pt 

4-4 

0-0020 

Au 

3-96 

0-0021 

Mica 

1*4 

0-005 


velocity of 1*84 x 10 9 cm. /sec.). As oo-rays pass through matter the 
velocity t? falls off with increasing distance. This has been proved by 
the deflection of the a-rays in a magnetic field and also by calorimetric 
measurement of the heating effect (Kapitza, 1923). The curve marked 
v in fig. 67 shows the effect graphically. The so-called Geiger relation 

t’ 3 = CR, 

where R is the range and C is a constant, was thereby found to hold, 
at least for the higher velocities. This equation is often used to calcu- 
late initial velocities from measured ranges. Difficulties arise in ex- 
periments with slower a-particles, because they pick up additional 
charges. By means of magnetic deflection experiments Hexiiersox 
(1922) showed that not all the a-particles remain as helium atoms 
with a double positive charge (He +_h ) throughout the whole of their 
flight, but that a certain fraction become He r and (at low velocities) 
neutral helium. The more detailed investigations of Rctherig ud 
have proved that (as in the case of canal rays) repeated changes 
of charge take place, and that these changes are more frequent the 
slower the particle is. 
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Ionization by ac-rays. — -Just as in the case of cathode rayn (p. 36), 
electrons may be ejected from atoms through which an a-particle 
passes. Along the trade of an a-particle a dense trail of ions is formed, 
and these enable the track to be seen and photographed in a cloud- 



Fig. 69- — Ionization by the a . -particles from RaC'. Number of ion -pairs per mm. 
of path in air as a function of the distance travelled 

chamber. The total number of carriers produced by an a-particle from 
RaC' over its whole range is 2-36 X 10 5 . The differential ionization 
(in the case of a-rays usually expressed in ion-pairs per millimetre) 
is plotted in fig. 69. 

Comparison with the data for electrons of the same velocity (see 
Table VIII, p. 47; to apply to 1 mm. the values must be divided by 
10) shows that the ion-density along the track of an a-particle is about 
8*9 times greater than that for a /3-particle of equal speed. This 
accounts for the relative distinctness of the tracks as vseen in cloud- 
chamber photographs. It is noteworthy, however, that the calculated 
energy loss necessary to produce an ion-pair (e.g. for air) is about the 
same in both cases (approximately 30 volts per ion-pair (A. Eeckee, 
1926)). 

15. Scattering of a -rays 

Experiments on the Scattering of ot-rays.— In passing through 
matter, a-particlos are to some extent deflected from their straight 
paths, just as light is scattered in passing through a turbid medium. 
Owing to the relatively large mass and energy of the a-part idea, 
however, the deflections are extremely small as compared with those 

(E 957) * 7 
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of electrons. This is seen clearly if we compare a.-ray and electron 
cloud-tracks (see, e.g., fig- 21, p. 39, and fig. 68, p. 79). Even for 
relatively thick layers of matter the spreading of an initially narrow 
beam of a-rays amounts to only a few degrees. The phenomenon was 
discovered in 1906 by Rutherford, who allowed a beam of a-rays 
to fall upon a photographic plate after passing through a narrow slit. 
When the whole apparatus was evacuated, a sharp image of the slit 
was obtained. Admission of air or interposition of a thin foil on the 
same side of the slit as the photographic plate caused a broadening 
of the image, the intensity falling off: gradually on either side. An 
extremely important observation was made by Geiger and Marsdin 
in 1909, by using the scintillation method (p. 16). This method has 
the advantage of permitting the observation of effects dne to single 
ex-particles, and so makes it possible to investigate atomic processes 
occurring so infrequently that they cannot be observed by the photo- 
graphic method. Geiger and Marsden found that a few of the 
cx-partieles incident upon a foil are so strongly deflected that they are 
thrown back and pass out again on the same side of the foil. This 
effect, known as large-angle scattering, resembles the hack-scattering 
of electrons. A quantitative investigation showed that the number 
of a-particles scattered through large angles increases up to a constant 
value as the foil thickness is increased and that it also increases very 
rapidly with the atomic weight of the material used. Tor platinum 
the mean number of a-particles scattered through 90° is found to he 
1 in 8000. how this proportion is far greater than one would expect 
from the results for scattering at small angles mentioned above (which 
were confirmed hy G-eiger using the scintillation method). These 
small-angle deflections are due to the extended fields of force of the 
atoms concerned, just as we saw w^as the ease for electrons. The 
anomalously high proportion of large-angle scattering with ex-particles 
indicates that some new process is taking place here, whereby certain 
of the a.-particles have their directions suddenly turned through very 
large angles. In view of the great energy and mass of the a-particles, 
it is clear that extremely strong fields of force must come into play in 
large-angle scattering as compared with small-angle scattering. These 
considerations led Rutherford (1911) to put forward the theory that 
the positively charged part of an atom is confined to a region ( the so-called 
nucleus) which is very small in comparison with the gas-kinetic size of 
the atom (about 10~ s cm.), whereas the electrons of the atom are situated 
at distances from the nucleus comparable with the size of the atoin. Thus 
we have to imagine the atom as built up of a very small positively- 
charged nucleus, surrounded by a system of negative electrons. This 
atomic model explains small-angle scattering of cl- particles as due to 
deflections caused by the electrons at relatively large distances from 
the nucleus, while large-angle scattering is explained as due to the 
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deflections which occur when a-particles happen to pass very near the 
atomic nuclei. 

If we regard the sudden change of direction in large-angle scattering 
as due to Coulomb repulsive forces, then it follows either that the 
charges involved must be very great or that they must approach each 
other very closely. 

Now experiments on the scattering of electrons and X-rays show 
that the number of elementary charges involved is at most of the 
order of magnitude of the atomic weight (pp. 63 and 92). Hence we 
deduce that these charges must be packed into a very small space in 
the nucleus; for only at very small distances can Coulomb forces of the 
requisite magnitude occur. This deduction can be tested in a quanti- 
tative manner (see below), and direct photographs of a-ray tracks show 
that individual “ collisions ” of a-particles with atomic nuclei do 
actually take place. (See figs. 74, 75., 76, pp. 90, 91). As the large- 
angle scattering of a-particles is of such fundamental importance in 
the theory of atomic structure, we shall now discuss the quantitative 
deductions. 

Collision of cx-p articles with Nuclei, the Inverse Square Law of 
Force being assumed. — Let 2e, m, and v be the charge, the mass, and 
the velocity of an a-p article 
approaching a nucleus K (fig. 70) 
along the line QN. Let the 
charge of the nucleus be Ze, and 
let us assume that hoth nucleus 
and a-particle may be regarded 
as points. Since the large-angle 
deflection of the a-particle (i.e 
the “ collision 5 ? ) occurs at dis- 
tances which are small relative 
to the radius of the atom as a 
whole (see below), the influence 
of the negative electrons sur- 
rounding the nucleus may be 
neglected. If the inverse square 
law of force is assumed, the 
path of the a-particle will be a hyperbola with the nucleus K as 
focus. Let the angle through which the direction of motion of the 
a-particle is turned be <£>. This is the angle between the asymptotes 
of the hyperbola (see figure). If tt is the velocity of the particle at the 
point I\ j) the length of the perpendicular KX from K to the initial 
direction QN. and (7 the distance KP. then applying the theorem of 
equal areas (Yol. I, p. 51) to the hyperbola, we have 



Pig. *70. — Deflection of an a-particle on collision 
with an atomic nucleus 
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By the principle 


of the conservation of energy, 


\ — Jmy 2 


Ze X 2e 
d 5 


the second term on the right-hand side being the potential energy at 
the point P. Hence, introducing the abbreviation b — 2Ze 2 /(^mv 2 ), 
we obtain 

= »*(i- 1 ). 

From this equation it is clear that b is the least distance of possible 
approach for the initial velocity v. (This nearest approach is realized 
in the case of direct “head-on collision’ when = 0 and the particle 
is made to return along its own path.) 

From the geometry of the hyperbola it follows further that OP is 
the real semi- axis and that 

d - - KO + OP = p cosec 9 + p cot 9 = p cot - . 


Again, from the equation expressing the theorem of aTeas and the 
equation containing b above (eliminating n 2 jv 2 ), we have 


Hence 

Now <j> = 7T — 2 9; 


and 


P s = d(d - b). 


hence 


b = 2p cot 6. 



i _ K l + sin-|<^) 
'2 sin I# 


Example . — If an a-particle from RaC with the velocity v = 1-92 X 10° cm. /sec. 
collides vith a nucleus of charge 100 e, ’we obtain b = 3-7 X 10~ 12 cm. This, 
therefore, is an upper limit for the radius of the nucleus, since the actual radius 
must be less than b. 


In the experimental investigation a beam of a-rays is allowed to 
fall normally upon a foil of thickness t . and the number of ct-parti d os 
scattered through a definite angle <j> is observed. 

The mean free path of a particle (assumed to be a point) incident 
upon an assembly of spheres of radius R is 


A = 


rlV 2 )i 


(see \ oh II. p. 49), where is the number of spheres per cubic centi- 
metre. Hence the number of collisions in passsing through a thickness 
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of t cm. will be z = rrB^nt. In the same way- the number of nuclei 
passed at a distance p is z' = 7 rp 2 nt. The number passed at distances 
between p and (p-+ dp) is therefore dz' = 27 rpntdp, or ; in terms of b 
and <56, J77 nib 2 cot-J<£ cosec 2 This is the fraction of a-particles 

■which suffer deflections between the angles <j> and (cf) -j~ 

In the actual experiments a zinc sulphide screen, placed at a dis- 
tance r from the scattering foil, is observed through a microscope, and 
the number of scintillations over the constant area defined by the 
field of view is counted. The screen is placed in different positions 
corresponding to different angles If Q is the total number of particles 
and dz' the fraction scattered in the direction corresponding to values 
of p between p and (p -f- dp), the fraction observed per unit area of 
the screen will be 

= Q dz' 

^ 2-7Tr 2 sin <j> deft' 

Substitution of the value obtained above for dz' gives 

/>/ ___ nth 2 cosec 4 \<f> 
y I6r* 

where 

b = 2Z ez/^mv*). 

If the above discussion is correct, it follows that the number of scintil- 
lations must be (a) directly proportional to cosec 4 1 96; ( b ) directly pro- 
portional to t (this applies only to thin foils, as otherwise multiple 
scattering occurs); (c) directly proportional to Z 2 ; and (d) inversely 
proportional to / d k . 

Experimental Results. — The scattering of a-particles was investi- 
gated in detail by G-eiger (1911) and Geiger and Marsden (1913). 

(a) Fig. 71 shows the very simple apparatus for determining the 
variation with angle. This consists of a lower part C in which a tube T 
is rigidly mounted. Fixed to this tube is the holder containing the 
radioactive preparation R (a small tube containing radium emanation). 
The <x-rays pass through an aperture D in the form of a narrow sharply- 
defined beam and fall upon the foil F, which is also rigidly attached 
to the tube. In the upper part of the apparatus there is a ground joint 
with a base plate A ami a metal box 3 closed above by a glass plate P. 
At the side is the microscope J\I. with the phosphorescent screen S- 
fixed rigidly to it at the correct distance from the objective. The base 
plate, together with the box and microscope, can be rotated in the 
ground joint so as to enable observations to be made for different 
ranges of angle. The whole is hermetically sealed and evacuated 
through the tube T, so as to avoid scattering due to the air. 

Gold and silver foils were investigated, the angle was varied be- 
tween 150 ° and 5°„ and two different radioactive preparations were 
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used. The experiments showed that the number of scattered particles 
is proportional to cosec* ^4 (see above). 

(6) The apparatus used to investigate the variation, of scattering 
with the thickness and the nature of the scattering substance is shown 



[From Handbuch der JPhyszk, Vol. 
XXII (Springer, Berlin).] 



Pig. 72. — Geiger and Mars 
den’s apparatus for measur- 
ing the effect of the thickness 
of the foil. 

[From Handbuch der F*hy- 
sik y Vol. XXII (Springer, 
Berlin).] 


in fig. 72. The round brass box A is closed on "both sides by glass plates. 
The a-rays from the radioactive substance (RaC) in R enter through 
a thin mica window E. The foils of various thicknesses and substances 
are carried by the round disc S, which can he rotated hy means of the 
ground joint M so as to bring them successively into the path of the 
beam passing through D. The fixed phosphorescent screen is shown 
at Z. It is observed from outside by the microscope. 

Actual counting experiments showed that for thin foils the number 
of scattered particles is proportional to the thickness (sec above). 

(c) Comparison of the scattering produced by different metals 
(e.g. Aii, Pt. Sn, Ag, Cu ? Al) gave the result that, when reduced to 
equal numbers of atoms per unit volume, the scattering is approximately 
proportional to the square of the atomic weight . This indicates that the 
nuclear charge Z is approximately proportional to the atomic weight. 

(d) In order to investigate the variation of the scattering with the 
velocity of the particles, different thicknesses of mica were interposed 
between R and E so as to produce different reductions of velocity. 
The experiments showed that the number of particles scattered through 
a given large angle is inversely proportional to the fourth power of the 
velocity . 

Thus detailed experimental investigation proves not only that 
(as can be seen directly from cloud-track photographs) the scattering 
is due to single encounters, but also that Coulomb’s inverse square 
law of force holds good down to distances of the order of ILL 11 cm., 
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and -that tie positive charges of the nucleus must be packed into a 
region with a radius even less than this. 

16. The Nuclear Charge and the Nuclear Field 

Experimental Determination of the Nuclear Charge. — Moseley*s 
investigations (p. 75) show that tie atomic numbers , and not tie atomic 
weights, determine tie electrical behaviour of atoms. Tie results given 
above for a-ray scattering provide a basis for tie determination of 
nuclear charges by the absolute measurement of tie number of incident 
a-particles and the number scattered under definite conditions. Such 
determinations were carried out by Chadwick in 1 920, using tie scintil- 
lation method. He obtained the following values: Pt, 77-4; Ag, 46*3; 
On, 29*3. Fow tie corresponding atomic numbers are 78, 47, and 29. 
Tlis is direct quantitative proof of tie following important result: 

The atomic number is equal to the net positive charge of the nucleus 
expressed in elementary units and hence is equal to the number of electrons 
surroicnding the nucleus. 

Scattering of cc-particles by light Elements. — The distribution of 
the numbers of a-particles scattered at different angles forms a very 
sensitive criterion of the validity of tie inverse square law assumed 
in the above discussion. Chadwick and Rutherford and also Hose 
made experiments with a-particles of different speeds and found that 
over the range investigated the inverse square law holds within an 
accuracy of a few per cent. This is true for platinum and gold at dis- 
tances from 3*2 X 10 -12 up to 1*7 X ID -10 cm. from the nucleus, for 
silver down to 2 X 10~* 12 cm. and for copper down to 1-2 X 10” 12 cm. 

From this it follows that the actual nuclei of tie elements must be 
very much smaller still ; for they doubtless contain a complex assemblage 
of positive and negative charges (p. 105), so that tie very close ap- 
proach of a charged particle might be expected to produce polarization 
effects and consequent deviations from the inverse square law. Suck 
deviations have actually been observed in tie case of the lighter 
elements. Tie nuclear charges being here smaller, the repulsive forces 
are also smaller, and a-particles of sufficient velocity are able to 
approach correspondingly nearer to the nuclei — in some instances 
even penetrating right into them. AYlere penetration occurs, energy 
may be given up to tie interior of tie nucleus and the collision is 
then inelastic (p. 90). Moreover, in the mathematical treatment of 
tie collision of an ci-particle with a light nucleus, it is no longer per- 
missible to make the simplifying assumption that the nucleus remains 
at rest. The recoil of tie nucleus, which becomes appreciable as the 
atomic weight decreases (for aluminium it amounts to 4 per cent), 
can easily be taken into account in the calculation. 

Deviations from the inverse square law were observed tor alu- 
minium and magnesium by Bihler (1924) and by Rutherford and 
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Chadwick (1925). Since, however, the impact of fast ex-particles upon, 
the nuclei of these elements may produce other (though probably 
rarely-occurring) phenomena which affect the scattering (p. 105), 

there is some uncertainty about the meaning of these results. There 
is no doubt, however, that the scattering is less than that which would 
be expected on the basis of the inverse square law, and the limiting 
distance of approach at which the law is still valid is probably about 
1-2 X 10~ 12 cm.; it certainly does not hold fox distances less than 
about 8 X 10~ 13 cm. 

The circumstances are clearer for collisions with helium and hydro- 
gen nuclei. Since the mass of the hydrogen nucleus is only a quarter 
that of the <z-particle, the velocity imparted to the former by a ‘ c head- 
on 55 collision is greater than that of the <x-particle — actually 8/5 
of the latter (see below). This means, for example, that an a-particle 
from RaC' must impart to the hydrogen nucleus which it strikes a 
velocity sufficiently great to give it a range of 30 cm. in air or 120 cm. 
in hydrogen. Such long-range H-particles were first observed by 
Mabsden in 1914 and investigated in detail by Eutherpord in 1919. 
The measured range was over 100 cm. in hydrogen and 28 cm. in air. 
That the particles really were hydrogen nuclei was proved by electric 
and magnetic determination of e/m, and also (1925) by Stestter, who 
used a mass spectrograph (p. 99). 

Counts of the H-particles showed that when very swift a-particles 
were used their number was very much greater than that expected on 
the basis of the law of inverse squares (up to 100 times as great), but 
that the agreement improved as the velocity of the a-particles was 
decreased, i.e. as their distance of nearest approach to the nuclei 
was increased. The exp erimentally-ob served angular distribution of 
deviations (Chadwick and Bieleb, 1921) leads to the following 
result. For direct head-on collisions the inverse square law holds 
down to a distance of about 4 X 10 -13 cm.; for oblique collisions 
down to about 8 x 10~ 13 cm. From this it has been concluded 
that the a-particle must be disc-shaped, at least in the strong field 
during the collision. 

The investigations of scattering by helium nuclei (Rutherford 
and Chadwick. 1927) gave essentially similar results. Here too there 
are strong indications that the field distribution deviates (at least 
during collision) from the spherically- symmetrical. For head-on 
collisions the. inverse square law is found to hold down to about 
3-5 x 10~ 13 cm.; for oblique collisions only down to 1*4 X 1() -12 cm. 

Laws of the Conservation of Energy and Momentum during Col- 
lision.— These laws must necessarily be true for the kinetic energies 
and momenta of particles before and after an elastic collision, quite 
independently of the particular law of force. Deviations may 
well occur, however, if energy is taken up by either particle and 
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stored within it a, s internal energy; such deviations indicate that 


energy transformations are taking 

Using the symbols shown in 
fig. 73, in the case of elastic col- 
lision we have the following equa- 
tions : 

(I) For the momenta in and 
at right angles to the direction of 
collision: 

M V = M/zj cos <f> -f- mv' cos 6, 

0 = YLv sin <j> — mv' sin 6, 


place. 



Fig- 73- — Diagram of collision 


(2) For the energies: 


Hence 


v 


2Y 


MV 2 = JSlv 2 -f- mv' 2 . 

M ^ rn sin “26 


M- 


m 


cos 9; tan = 


M 


m cos 29’ 


Y 

M -f m 


[M cos <56 + a/W 2 — M 2 sin 2 <£; 


tan 6 = 


m cot 9S 4^ V" m 2 cosec 2 <f> — M 2 
M-fm 


For direct head-on collision (<f> — 9 = 0) the velocity imparted to the 
struck nucleus "by an a-particle of original velocity V is therefore 
1-6 Y for H, Y for He, iV for C, and 0*4 V for O. In. actual practice 
the velocities after collision can he calculated from the observed ranges 
in the cases of He and H (e.g. for a. -particles by the Geiger relationship, 
p. 80). For other atoms, however, this is not directly possible, be- 
cause we do not know how many extra-nuclear electrons the atom 
loses at these velocities. The a- particles scattered through different 
angles <j> have different ranges, since v depends upon <f>. 

The experimental results of measurements with different substances 
are in good agreement with the formulae given above. This is evidence 
for the assumption that laws of conservation of energy and momentum 
hold in these collisions. 

Stereoscopic cloud-track photographs offer particularly clear evi- 
dence on this point. The angles concerned can be computed directly 
from the photographs, which also show the ranges. Fig. 74 shows a 
pair of stereoscopic photographs in which a collision of an a-particle 
with a hydrogen nucleus is visible. In fig. 75 the collision is between 
an ex-particle and a helium nucleus, the angle between the tracks after 
the collision being a right angle and the lengths of the t nicks equal. 
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Fig. 76 shows the collision of an a-particle with, an oxygen nucleus, 
which here gives rise to the shorter limb of the fork. When the neces- 
sary measurements are made, these examples are found to agree with 



(stereoscopic cloud~chamher photograph) 

[From Rutherford, Chadwick, and Ellis, Radiations rom 
Radioactive Substances .] 



[From Rutherford, Chadwick, and Ellis, Radiations from 
Radioactive Substances,} 


predictions based on tbe laws of conservation of energy and momentum. 

In some cases, however, the observed kinetic energies are not in 
agreement with these laws (Am; eh and Perrix, 1922). This indicates 
that in certain circumstances energy may be imparted to the struck 
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Fig. 76, — Collision of an a-particle with ant oxygen nucleus 

[From Rutherford, Chadwick, and Ellis, Radiations from 
Radioactive Substances .] 


nucleus and stored within it as internal energy. (See further p. 87.) 
In some cases this energy may he given up again hy the nucleus in 
the form of electromagnetic radiation (y-rays). 

P. Atomic Steuctuee 

17. Summary of the Experimental Results 

At this point it will he useful to give a summary of the conclusions 
as to atomic structure which can be drawn from the facts hitherto 
described. 

Charge Distribution. — Every atom consists of an assemblage of 
positive and negative charges, tlie distribution being such that the 
positive charges (and with them the material mass of the atom) are 
concentrated at the centre. The effective diameter of this positive 
region, the so-called nucleus, has been found to be to 10 -1 - cm. 

The nucleus is surrounded by a number of negative electrons sufficient 
to make the whole atom electrically neutral. The maximum distance 
of these extra-nuclear electrons from the nucleus is about 10 8 cm. 
in the normal state of the atom. Their fields may be effective at much 
greater distances, as is shown hy investigations of the diffusion of slow 
electrons (p. 44). Table X gives a list of effective atomic radii, he. 
the distances at which the forces become so strong as to prevent the 
closer approach of other atoms in collisions at velocities of the order 
of those of the thermal motion at room temperature. Such values 
can be derived from various considerations (gas-kinetic radii. Vol. II, 
p. 50). A 11 upper limit is also obtained from the specific volumes of 

solids or liquids. Since the theory of melting makes it probable that 
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Table A. — Diameters of Certain Atoms ix Angstrom TJxits 
(1 A. = 10“ 8 cm. ) 


c 

1-40 

Si 

206 

Ca 

3-47 

Ag 

2-57 

Na 

3-23 

A 

3-51 

Te 

2-30 

An 

2-58 

A1 

2-59 

K 

3-82 

Cu 

2-27 

Pb 

3-12 


at the melting-point the distance between the atoms of a solid is only 
about 10 per cent greater than the atomic diameter, the atomic volume 
(i.e. the volume of a gramme-atom, which contains the same number of 
atoms in all cases) forms a good measure of the relative size of atoms. 
The different possible arrangements of the atoms or molecules in a 
lattice are of secondary importance here. A graphical xepresentation 
of the atomic diameters of the elements as a function of the atomic 
numbers has already been given in fig. 1 (p. 7). A discussion of this 
curve follows on p. 299. 

N" on-Periodic and Periodic Properties. — Lenard (p. 33) was the 

first to show by a study of the absorption of cathode rays that the 
electromagnetic fields of atoms increase in intensity in rough propor- 
tion to the atomic weight. In this respect, therefore, there is no parallel 
to the manifold individual differences exhibited by the different 
elements in their other properties. It has further been shown above 
that if the elements are arranged in the order of increasing atomic 
weight, there is (in all but a few exceptional cases) a regular increase 
of the nuclear charge by one elementary unit (e = 1-59 X 10~ 19 cou- 
lombs) and a corresponding increase of one in the number of extra- 
nuclear electrons as we pass from any element to the next in the series. 
Thus every element has its own atomic number Z, equal to the number 
of elementary units in the net nuclear charge and also to the number 
of electrons surrounding the nucleus in the neutral atom. Moseley’s 
results (p. 76) show that arrangement of the elements in the order of 
increasing atomic diameters corresponds to the character of their X-ray 
spectra (p. 75), while the same order is found to underlie the phenomena 
of the absorption of X-rays (p. 60). 

The identity of this order with the order of increasing nuclear 
charge is most clearly seen from the experiments of Chadwick (p. 87), 
in conjunction with the result obtained from X-ray scattering that in 
light elements the number of electrons per atom is equal to half the 
atomic weight (p. (33). 

In fiti. 77 atomic weights are shown plotted against atomic numbers (the 
dotted curve). The curve starts for low atomic numbers as a straight lino inclined 
tn the horizontal at an an^le which indicates, that each increase of the nuclear 
charge by one unit is accompanied by an increase of the atomic weight by two. 
As \ve pass to the higher atomic numbers (heavier atoms), however, the curve 
deviates from the straight line, the increase of atomic weight becoming more 
rapid. We have seen (p. 26) from the existence of isotopes (elements of the same 
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atomic number but different atomic weight) and isobares (elements of the same 
atomic weight but different atomic number) in radioactive changes, that the 
atomic weight is not the quantity that determines the chemical properties. This 
quantity* is in fact the atomic number (see the displacement law of Eajaxs and 



Fig. 77. — Atomic weight plotted against atomic number 


Soddy (p. 2G))_ Another important fact is the great difference between the 
chemical properties of a neutral atom and those of the corresponding ion. This 
shows that it is no t the mass of the nucleus, but the number of extra- nuclear 
electrons, that determines chemical behaviour. 

From the fact that the atomic weights are not the same as the 
atomic numbers it follows that atomic nuclei must contain other 
particles in addition to elementary positive particles (protons). Each 
proton has unit mass; but for He (atomic number 2) the atomic weight 
lias already risen to 4 units. Hence in addition to two protons the 
helium nucleus must contain particles equivalent to two neutral 
hydrogen atoms. Of course these extra particles must be present in 
some form entirely different from ordinary hydrogen atoms; for the 
diameter of the region they occupy' in the. helium nucleus is at least 
100. 1 MX) times smaller. 

The question now arises, how are the positive and neutral particles 
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arranged within the nucleus, and to what conditions are they subject? 
These questions will be dealt with in the next chapter. 

In contrast to the approximately linear dependence of certain 
properties upon the atomic number mentioned above, we have the 
well-known wide variation of the elements in many other physical 
properties and especially in chemical behaviour. Since the pioneer work 
ofMEXDELEEFF (1869) andhoTHAR Meyer (1864) the periodic variation 
of chemical and certain other properties with atomic weight (more 
accurately, with atomic number) has become increasingly apparent. 
This is expressed in the periodic table of the elements (Table I, p. 4). 
Elements with similar properties occur at regular intervals when the 
elements are arranged in order of increasing atomic number. 

Thus, e.g. , the elements with the atomic numbers 2, 10 (=2 + 8), 
18 (=2 + 8+ 8), 36 (—2 + 8+ 8-f 18), 54 (= 2 + 8 + 8 + 18+18), 
and 86 (= 2 + 8+ 8+ 18 + 18+ 32) are all inert gases. Similarly, 
the elements with atomic numbers one higher than the inert gases 
(3, 11, 19, 37, 55) belong to the so-called group of the alkali metals, 
which chemically are very closely related and have a strongly electro- 
positive character (i.e. a strong tendency to lose an electron). Again, 
the elements with atomic numbers one lower than the inert gases are 
all closely related chemically and have a strongly electronegative 
character (i.e. a strong tendency to take up an electron). Thus we 
have a very striking and regular periodicity based upon the numbers 
2, 8, 18, 32. These numbers can be written in the form 2 X l 2 , 2 X 2 2 , 
2 X 3 2 , and 2 x 4 2 . The significance of this will become clear in a later 
section (p. 333), when the theoretical basis of the periodic table is 
discussed in greater detail. 

A large number of properties other than chemical properties exhibit 
the same periodicity, a fact which shows that they depend upon the 
extra-nuclear electronic configuration. The periodic variations in 
atomic volume, i.e. in the distances between atoms as determined by 
their fields of force, are represented graphically in fig. 1 , p. 7. Melting- 
points, which are closely connected with atomic volumes, show the 
same sort of periodicity (see fig. 2, p. 8), and similar variations are 
also found in coefficients of thermal expansion and in compressibilities. 
Further examples of the periodicity of atomic properties will be met 
with later. Particular importance attaches to the periodic variations 
in the optical spectra, which are quite analogous to the variations in 
chemical behaviour. The study of these spectral periodicities has sup- 
plied a quantitative answer (see p. 336) to one of the most important 
questions in connexion with atomic structure: what Is the relationship 
between the observed periodic variations of properties and the arrange- 
ment of the electrons around the nucleus? Obviously the periodicities 
indicate that the electronic arrangement must be in some way periodic. 
A detailed theory was first put forward by Bonn (see p. 343). 
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The Nucleus 

1. Isotopy 

Nuclear Mass. — The evidence discussed in Chapter I leads to the 
conclusion that the positively- charged part of an atom, "which carries 
nearly the whole of the mass, is concentrated into a small region, the 
so-called nucleus, with a diameter of about 10~ 12 cm. The magnitude 
of the nuclear charge determines the chemical character of the atom: 
every chemical element has its characteristic nuclear charge (p. 87), 
which when expressed in elementary units is numerically equal to the 
atomic number. Does the nuclear mass similarly have a characteristic 
value for each element? The consideration of radioactive substances 
(p. 25) has shown that this is not the case. Different radioactive dis- 
integration series give rise to products which are chemically identical 
but have different nuclear masses. We have already learned (p. 26) 
that these chemically inseparable types of atoms are called isotopes. 
Thus the atomic weights of samples of lead from different sources in 
which it is associated with radioactive elements may vary by several 
units.* 

The discovery of isotopy in connexion with radioactivity raised 
the question whether the ordinary elements consist of mixtures of 
isotopes. 

It had long before been noted that a large number of elements (namely those 
with low atomic: numbers) have atomic weigh Is which are nearly whole numbers 
when referred to oxygen as l(KHM). As was pointed out as early ns IS 15 by the 
English physician Provt, this would seem to indicate that the masses of all atoms 
are integral multiples of the mass of a hydrogen atom, which is (approximately) 
unity. The atomic weights of certain elements (notably chlorine), however, differ 
quite definitely from whole numbers, and consequently Provt's hypothesis soon 
lost favour. The discovery of isotopy opened up the possibility that such elements 
might consist of mixture's of isotopes, eaeli of integral atomic weight, the average 
atomic weight having an intermediate non -integral value. Thus, for example, 
if ordinary chlorine were a mixture of two isotopes of atomic weight 35 and 37 
in the proportion 3:1, the observed average atomic weight would be 3 fro (the 
actual value found). 

* On the other hand, the atomic* weight of lead (or any other element) derived 
from sources containing no radioacti ve elements is uhctujxflu arum , whether it is obtained 
from volcanic material, sedimentary roeks, uneven meteorites. 
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J. J. Thomson * was the first to prove (1912), by the method 
described below, that neon consists of a mixture of two isotopes of 
atomic weight 20 and 22. This was the first non-radioactive element 
shown to be a mixture of isotopes. 

Amongst the radioactive elements we encounter various isotopes 
either by themselves or in a variety of proportions. In order, however, 
to obtain the individual isotopes of ordinary stable elements, or at 
least to obtain mixtures containing new proportions of the isotopes, 
it is necessary to subject the natural mixture to some treatment in 
which the difference in the masses of the isotopes plays a part. Three 
methods have proved specially successful: diffusion through porous 
partitions (Vol. II, p. 63), evaporation at low temperatures ? and 
evaporation at very low pressures (so-called ideal distillation). 

Two fractions of different densities have been obtained from neon (Aston - ) 
and HOI (Harkins) by the first of these methods, from neon (Keesomc and Van 
Eljk) by the second method and from mercury and HC1 (Broeistsoced and. Hevesy ) 
by the third. The mean atomic weights of the two mercury fractions, for example, 
were respectively 200-63 and 200-56 as compared with 200-61 for ordinary mercury . 
Harkins has recently obtained fractions with atomic weights 200*71 and 200*52. 
In 1932 G. Hertz greatly improved the diffusion, method by applying the counter- 
current principle. In this way lie succeeded in obtaining neon 20 containing only 
1 per cent of Ne 22. 

The relative mass difference is particularly great in the case of the isotopes of 
hydrogen, one of which has mass I (ordinary hydrogen) and the other mass 2 
(so-called diplogen or deuterium). The proportion of the heavy isotope in the 
naturally-occurring mixture is about I part in 4000. Water containing a high 
proportion of the heavy isotope (so-called heavy water”) can be obtained 
relatively easily by electrolysis (Washburn). The lighter isotope escapes more 
readily than the heavier, which is thus concentrated in the residual liquid. c ‘ Heavy 
water has a higher density than ordinary water. It also has a higher boiling- 
point, so that the heavier isotope can also be concentrated by distillation. 

By the above methods it is possible to concentrate different isotopes, but 
never to achieve absolutely complete separation. In this respect the method 
described in the next section is a more powerful one. 

2. Detection of Isotopes 

J. J. Thomson’s Parabola Method. — Consider a beam of canal rays 
(positive rays) passing through a region containing an electric field 
with the lines of force at right angles to the beam and at the same 
time a magnetic field with its lines of force in the same direction as those 
of the electric field and in the same or the opposite sense. The positive 
particles will then he deflected in such a way that the trace produced 

* Sir J. J. Thomson, born in 1856, became Lecturer in Physics fit Trinity (\>llege, 
Cambridge, in 1883; then from 1884 to 1 9 IB held the position of Cavendish Professor 
of Physios at Cambridge, and also that of Professor of Physics at the Royal Institution, 
London. He was knighted in 11)08, and in 1918 became Master of Trinity ( 'ollege, 
Cambridge. At Cambridge he carried out fundamental researches on the conduction 
of electron tv through gases, the charge and mass of the electron, positive ray analysis, 
c . 
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oil a plate normal to tlie beam is a parabola (for proof, see below). 
This is illustrated in fig. 1. The beam of positive particles is normal to 
the plane of the figure and is 
directed away from the observer 
towards the point 0. It passes 
between two plates 3 one of which 
(say the left one) is maintained 
at a constant positive potential 
relative to the other. Then the 
electric lines of force will run 
from left to right in the figure. 

A magnetic field is also maintained 
in the space between the plates, 
such that the magnetic lines of 
force also run from left to right. 

The electric, field displaces the 
positive particles to the right by 
an amount which may be calcu- 
lated as in Vol. III, p. 314, while 
the magnetic field displaces them downwards in the figure (Yol. Ill, 
p. 316). If we use the co-ordinates shown in the figure, these dis- 
placements are given by 

tn u- m v 



E2 


Fig. r. — Parabolic traces of positive rays 
deflected by parallel electric and. magnetic 
fields. 


y 




where a and b are the distances passed through in the electric field of 
strength E and the magnetic field of strength H respectively, and e, 
and v have their usual meanings. 

After passing through a field-free region the positive rays fall on 
a photographic plate. The displacements if and z' on the plate are 
proportional to 


e E 
■m v* 


and 


€ H 
m v 


respectively. Eliminating i\ we obtain 


E n\ j 
H 2 " 


Thus for particles with different velocities but the same value of e 'ni 
we obtain a parabola, the shape of which depends upon /// the field 
strengths used, and the dimensions of the apparatus. Each value of 
>/t 'e thus gives a different parabola, the other factors remaining con- 
stant. The point 0 in fig. 1 is the point at which the beam would strike 
the plate if there were no fields present, or the point of incidence of 

<E057) s 
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particles of infinite velocity if the fields were switched on. Since no 
particle can possess a velocity greater than that corresponding to the 
accelerating potential, the parabolas do not extend right np to the point 
O. The value of y' for a given value of z' increases with ?n/e, so that 
the parabolas nearer the jy-axis correspond to the particles of greater 
mass or lesser charge. The ratio of two different masses bearing the 
same charge is obtained at once by measuring the distances ab and ac 



Fig. 2. — Positive ray parabolas with d ischarge tube containing neon 
[From F. W. Aston, Isotopes (Arnold - ).] 

(see fig. 1). From the relations given above we have m^f m z — ab^jac^, 
independently of the dimensions of the apparatus and the conditions 
of the experiment. The four similar sets of parabolic arcs in fig. 1 
correspond to the combinations of field directions indicated in the 
respective quadrants. Tig. 2 shows parabolas actually obtained with 
positive rays from neon. In addition to parabolas for the two 
neon isotopes '20 and 2 2. traces due to various carbon compounds 
(from grease vapour) and mercury (from the pump) can be soon. 
Fig. 3 shows parabolas for certain compounds of carbon and hy- 
drogen. 

Aston’s Method. — The method of Thomson was greatly improved 
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ty Aston 1 * (1919). He used crossed fields and developed an apparatus 
(tlie so-called mass spectrograph) with which atomic weights could be 
determined to within 0-01 per cent. 

The apparatus is shown diagrammatically in fig. 4. 



fi-g-roup 

Fig- 3- — Positive ray parabolas for Hydrocarbons 
£ After Eisenhut and Conrad, Zeitschrift Jur Elektrochemie , Vol. XXXVI (1030).^ 

The discharge is produced in the spherical globe B, A being the anode 
and V the cathode. The latter, as in W. Wien’s apparatus (Vol. Ill, p. 342) ? has 
a very fine channel (0-03 mm. wide) running through it. The positive rays 
pass through this tube before entering the observation space on the left. They 
are further restricted so as to form a narrow beam by means of a second slit S.>, 
which is accurately centred with the first. They then pass between the plates 



I'itf* 4* — Aston’s rruss spectrograph 


,1 .1,. between which an electric field is maintained, as in a condenser. The field 

deflects the beam and at the same t ime resolves it into a spectrum " of ravs 
<»f d iiferent energies (velocities). Another slit U situated in the hore of ' a 
ground tap, can he iinely adjusted so as It » let through a smaller or larger angular 

* 1 . V . As ion, 1 >orn in Bo, became assistant lecturer in Physics at Rirmi i hi ham. 
l iiiversity in I !»<)<!. ami went to Trinity Ct dlege and the ('avendish Laboratory. ( ’am- 
hiidge, in MHO. In 1 lie was awarded the Xohel Prize for his work on isotopes. 
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region of the dispersed beam. Thus the particles passing through. L have kinetic 
energies included in a certain small range. They next pass between the poles M 
of a very powerful electromagnet, the lines of force from which are at right angles 
to the lines of force of the electric field. The magnetic field strength is adjusted 
in such a way that the deflection produced by it is just twice that produced by 
the electric field and in the opposite direction. This being so, the rays dispersed 
by the electric field are focussed by the magnetic field and form a sharp “ image ” 
of the slit. Tor suppose that the rays passing through L are deflected through 
an angle 9 by the electric field, and through an angle ^ Ly the magnetic field. 
The magnitude of 9 is given by e/(vbn ); that of ^ by e/(vm) (see above, p. 97). 
The velocity v in general varies considerably, but for a given m only particles with 
velocities lying in the small range Av get through L. The corresponding small 
angular dispersion, which we may call A 9 , is given by 2e Av/(v 3 m). Since the 
velocities are spread out over the small region Av, the magnetic deflections will 
also be spread over a small angular region A^J, wbich is given by e Av/(v 2 m). Hence 
we have 

Afy A 9 

4 29 * 

Now' if we adjust the magnetic field strength so that t\> — 29 , it follows that 
A^ = A cp. Since, further, the magnetic and electric effects oppose one another, 
the dispersion is just neutralized. The divergent beam passing through Lis thus 
brought to a definite focus for each valxie of m by the magnetic field. In this 
respect the magnetic field does for the canal rays what a converging lens does 
for a beam of light from a point source. The extreme sharpness and accuracy 
of Aston’s method depends upon this focussing property. 

After deflection by the magnetic field the beam enters a photographic camera 
Z and falls in focus on the plate AV. The side-tubes I x and I 2 , which contain 
coconut carbon and dip into liquid air, absorb residual gases and thus maintain 
a very high vacuum throughout the whole space from the camera to the rear side 
of the cathode, so preventing any serious broadening of the beam and altera- 
tions of velocity as a result of collisions with gas molecules. 

The heating effect of the cathode rays from C is made innocuous and the 
production, of A-rays is avoided by the use of the silica bulb L>. The light source 
T and the tube R are used to make reference marks on the photographic plate W 
(the small dots to the left in fig. 5, p. 101). The correct adjustment of the de- 
flection by regulation of the fields is carried out with the help of the phosphorescent 
(villemite) screen Y. P is a detachable transparent cover, through which new 
photographic plates are introduced. Einallv, V is a mechanism for shifting the 
photographic plate after each exposure, so as to bring it into position for the next* 

Different positive-ray traces are obtained on the photographic 
plate according to the nature of the gas in the discharge tube B. Since 
the slit L selects a narrow range of velocities for each mass from the 
electrostatic positive-ray spectrum, and since the dispersion is just 
neutralized by the magnetic field, the final deflection depends on the 
value of e m and the strength of the magnetic field only (p. 97), the 
effect- of velocity being eliminated. Thus the positions of the different 
marks on the plate correspond to different values of ejm. 

Mass Spectra. — Fig. o shows a series of photographs for the gases 
neon, chlorine, argon, krypton, and xenon. Erom their similarity to 
photographs of optical spectra, Aston called such photographs mass 
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spectra, Tims each ££ spectral line” corresponds to & definite ratio of 
mass to charge. 

If ¥e assume that every particle carries just one elementary charge, 
the smaller the mass of the particle, the greater is the deflection, and 
hence the closer do the corresponding lines lie to the reference dot at 
the left-hand end of the spectra. It is possible to mark on the spectrum 
a calculated scale of atomic weights and then to read off from this scale 
the atomic weight corresponding to any line. 



If a partic-le curries two elementary positive charges. its detection will he 
just twice ns great as if it curried only one. Hence the lino produced in the mass 
sport rum will he at a point on the scale ci irrespotid ing to an atomic weight exactly 
half the correct value. By analogy with gratin_ . .peetra. Astox tallied such lines 
line# of etecft/itf unlvr. A triply eharged particle gives a line of third order. Thus 
an oxygen atom carrying cue positive charge gives a line at the scale-value 1(>. 
while a doubly charged oxygen atom gives a line at S. An a him in in in. atom with 
one positive charge gives a line at 27, with two charges it gives a line at 1,1-5. 
with three charges a line at U 

Reference Lines. ---( Vrtain lines tire found on all photographs of mass spectra: 
these arise from tin 1 gases present as impurities in the discharge tube. t'hief 
among such gases are the vapours from tap grease: with molecular weight -1-4. 

('O and <411.1 (ethylene) with nudeeular vwight 2S. Singly charged molecules of 
these gases give lines, whii'h may hr used as reference marks, at t he corresponding; 
seale values. In addition we have ( 32. () r U>. and O ^ S. The mass 
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numbers of unknown lines can be obtained by interpolation between these 
known values. 

The accuracy is even high enough to distinguish between He"*~ + = 2-0005 and 
H*+= 2-016 (fig. 5, spectrum VII, 6). All the four spectra marked VII in fig. 5 were 
taken with the object of investigating whether the ratio of the atomic weights of 
helium and hydrogen is a whole number within the limits of accuracy of the method. 
If the ratio were a whole number, then the line of He+= 4 taken with a certain 
field strength must coincide exactly with the line of H 2 + = 2 taken with a field 
strength just half as great. The test becomes even more delicate if, as in the 
spectra VII of fig. 5, the first field strength is not exactly twice the second, hut 
a few volts higher or lower than this. If the atomic weights are in the exact ratio 
2:1, the line of the higher mass must then lie exactly midway between the lines 
of the lower mass (VII, a and c). Otherwise the arrangement must be asymmet- 
rical (VII, b and d). 

The Whole-number Rule.— Investigations of mass spectra lead to 
the following new and surprising result: 

The atomic weights of all atoms referred to oxygen as 16 *000 are very 
nearly whole numbers . 

We may illustrate this result by the case of chlorine. Careful chemical deter- 
minations of the atomic weight of ordinary chlorine give the value 35-46. 
Yet there is no trace of a line in the mass spectrum at the position corresponding 
to this value (fig. 5, III and IV). Instead, with chlorine or chlorine compounds 
(COOL) in the discharge space, we obtain four sharp lines at positions corre- 
sponding to 35, 36, 37, and 38 on the atomic weight scale. Not all the four lines 
recur, however, in the second order spectrum. If each of the four lines in the first 
order were due to singly charged atoms, we should expect the same atoms when 
doubly charged to give four lines at 35/2= 17-5, 36/2 = 18, 37/2= 18-5, and 
38/2 = 19. As is stated above, however, this is not the case. Actually only the 
lines 17-5 and 18-5 occur in the spectra (fig. 5, II). 1 * Hence the lines 36 and 38 
must be due to HC1 molecules, which (in accordance with the results of Thomson’s 
canal ray duvstigu Ih-ie) do not occur with more than one charge (p. 1>6). Only 
the lines a no 37 r-rmin for chlorine itself. This is confirmed by the fact that 
when the discharge tube is filled with COCl a only two lines are found (at 63 and 
65) instead of a single line corresponding to the ordinary molecular weight of 
COOl (63-46) (see fig. 5, IV). The result of investigations of mass spectra is thus 
as follows: 

The ordinary chemical element chlorine is not a simple element consisting of atoms 
all of the same mass, but consists of a mixture of Uco hinds of atoms with respective 
atomic weights 35 and 37. 

From the intensity of the lines in mass spectra it is possible to 
estimate the relative amounts of different isotopes in a complex element 
and thus to determine the mean atomic weight found by chemical 
methods. 

Table XI gives the number of isotopes of all the elements investi- 
gated. We see that an element may have quite a largo number of 
isotopes, e.g. 7 in the case of mercury, 11 for tin. In the latter case 
there is a difference of 12 units between the atomic weights of tile 
heaviest isotope and the lightest. 
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T.vble XL — Table of Isotopes 


The isotopes are arranged in each ease in the order of frequency of occurrence; 
the radioactive isotopes are indicated by an asterisk. Radioactive isotopes produced 
artificially are not included. 


Element 

Z 

Isotopes 

Element 

z 

Isotopes 

H 

1 

1,2, 3 

Sn 

50 

120, 118, 116, 119, 117, 

He 

2 

4, 3 



124, 122, 121, 112, 

Li 

3 

7,6 



114, 115 

Be 

4 

9 

Sb 

51 

121, 123 

B 

5 

11 , io 

Te 

52 

130, 128, 126, 125, 124, 

C 

6 

12, 13 



122, 123, 127? ! 

X 

7 

14, 15 

I 

53 

127 

0 

8 

16, 18, 17 

Xe 

54 

129, 132, 131, 134, 136, 

F 

9 

19 



130, 128, 124, 126 

Xe 

ID 

20, 22, 21 

Os 

55 

133 

Xa 

11 

23 

Ba, 

56 

138, 135, 136, 137 

, Mg 

12 

24, 25, 26 

La 

57 

139 

A1 

13 

27 

Ce 

58 

140, 142 

Si 

14 

28, 29, 30 

Pr 

59 

141 

P 

15 

31 

Xd 

60 

146, 144, 142, 145, 143 

s 

16 

32, 34, 33 

Sm 

62 

144, 147, 148, 149, 150, 

Cl 

17 

35, 37 



152, 154 

A 

18 

40, 36, 38 

Eu 

63 

151, 153 

X 

19 

39, 41* 

Gd 

64 

155, 156, 157, 158, 160 

Ca 

20 

40, 44, 42, 43 

Tb 

65 

159 

Sc 

Hi 

45 

Dv 

66 

161, 162, 163, 164 

Ti 

H2 

48, 50, 46, 47, 49 

Ho 

67 

165 

V 

23 

51 

Kr 

68 

166, 167, 16S, 170 

Cr 

24 

52, 53, 50, 54 

Tm 

69 

1 69 

Mn 

25 

55 

Yb 

70 

171, 172, 173, 174, 176 ! 

Fe 

26 

56, 54, 57 

Lu 

71 

175 

Co 

27 

59 

Hf 

72 

176, 178, 180, 177, 179 

Xi 

28 

58, (50, 62, 61, 56 (?), 64 (?) 

Ta 

73 

181 j 

Cu 

29 

63, (>5 

W 

74 

184, 186, 182, I S3 

Zn 

SO 

64, 66, 68, 07, 70 

Re 

75 

I 187, 185 

fi a 

31 

69, 71 

Os 

76 

! 192, 190, ISO, 188, 186, 

fie 

32 

74, 72, 70, 73, 76 



j 187 

As 

33 

75 

Hg 

80 

i 202, 200, 199, 201, 198, 

Se 

34 

SO, 78, 76, 82, 77, 74 



| 204, 196 

Br 

35 

79, SI 

Ti 

81 

205, 203, 207*, 208*, 

Xr 

36 

84, 86, 82, 83, 80, 78 



i 210* 

Rb 

37 

85, 87* 

Pb 

82 

! 208, 206. 207, 204, 203?, 

Sr 

38 

88, 86, 87 



j 2o5?, 209?, 210*, 211*, 

Y 

39 

85) 



j iIL2* 2L4* 

Zr 

40 

90, 94, 92, 90, 91 

Bi 

S3 

1 209, 210*, 211*, 212*, 

fib 

41 

93 



! 214* 

Mo 

42 

98, 06, 95, 92, 94, 10<>, 

Vo 

84 

S 210*, 211*, 212*. 214*, 



07 



! 215*, 216*, 218* 

Ru 

44 

102, 101, 104, 100, 99, 

Bn 

i 86 

1 222*, 219*, 22o* 



4)6,98? 

Ha 

1 SS 

' ->•»(}* ->->*J5|e 228* 

Rh 

45 

103 

Ac 

SO 

028* 

1 Ag 

i 4 ~ 

■ 107, 109 

Th 

; 90 

“>3°*. 227* 228* 23< t* 

; Cd 

i 4S 

114, 1 12, 110, 113, 1 11, 


■ 

234* 

j 


116, 106, 198, 1 13 

Pa 

91 

231*, 234* 

| In 

i 

lf> 

■ 115, 113 

V 

92 

i 

238*, 234* 
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Tims an ordinary element, in the chemical sense, may consist of 
a mixture of different kinds of atoms. Such an element may be re- 
ferred to as a m ired element or a complex element. 
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In some cases it is found that the atoms of chemically different 
elements have the same mass. Such atoms are called isobares.* As 

may be seen from Table IX I and fig. 6, these 
cases are not very common, and the number 
of isohares of any given mass never exceeds 
two. Fig. 7 is a graphical illustration of 
the relative abundance of the isotopes in 
an interesting example (anomaly of the 
chemical atomic weights of potassium and 
argon). 

It is a remarkable fact that elements 
of odd atomic number are usually simple 
or else consist of a mixture of two isotopes 
at most. 

IVXass Defect. — Astox’s method makes 
it possible to determine the masses of 
isotopes with a very high degree of ac- 
curacy. It is found that very small devia- 
tions from the whole -mi mb or rule do occur 
when oxygen is taken as l (>-()<)( ). The 
deviations are all such as to indicate that the actual mass is somewhat 
less than it would be if the atom under investigation were built up 

* Or. ittoM, the same, Ittiru#, weight- 


ing. 7. — Part of the diagram of 
distribution of atoms with atomic 
weights from 35 to 44 (relative 
values). To obtain a quantitative 
idea of the abundance in meteor- 
ites, keep the ordinates for Ca 
unaltered and diminish those of 
K by a factor about ro, of Cl by 
a factor of about 15, of A by a 
much larger factor. For the dis- 
tribution in the earth, the corre- 
sponding factors are for K unity, 
for Cl 100, and for A much larger. 
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of the appropriate number of hydrogen atoms each, of mass 1-00778. 
The difference between the observed mass and the mass predicted on 
this hypothesis is called the mass defect or packing fraction. 

On the assumption (strongly suggested by the whole-number rule) 
that the nuclei of the heavier atoms are built up of protons, the exis- 
tence of these mass defects forces us to the conclusion that the proton 
must lose a certain fraction of its mass as a result of packing. Por 
further deductions from this remarkable fact see p. 231. 

3. The Constituents of the Nucleus 

Nuclear Structure. — From the fact that the atomic weight of an 
element is greater than its atomic number, it follows that nuclei cannot 
be built up of protons alone. In addition they must contain neutral 
particles of unit mass. These, of course, cannot be ordinary hydrogen 
atoms; for the hydrogen atom has a diameter of about 10~ 8 em., 
whereas that of the neutral constituents of nuclei mixst be of the order 
of 10” 1S cm. In view of the emission of /5-rays in radioactive changes, 
it has been usual to suppose that nuclei also contain electrons. It 
must not be forgotten, however, that such electrons as are contained 
within nuclei must be in a state entirely* different from that of the 
easily removed extra-nuclear electrons or from the electrons in cathode 
rays or /5-rays. We shall therefore speak of nuclear electrons . meaning 
by this the negative constituents which are observed as electrons 
when they leave the nucleus. 

If this view is adopted, then nuclei must he regarded as built up of 
protons and nuclear electrons, compressed together, in some way as yet 
unknown, into a region with an effective diameter of about 10 -12 cm. 

Thus the atom of helium, which follows hydrogen in the periodic table and 
has atomic mini her 2 and atomic weight 4, is to be regarded as consisting of two 
extra-nuclear electrons and a nucleus with two elementary positive charges. 
The nucleus may in turn be regarded as consisting of four protons together with 
two nuclear electrons. It follows that heavier atoms are very complicated in 
structure. For example, the radium nucleus (atomic number SS and atomic* 
weight 22(>) will consist of 226 protons and 226 — SS -- 138 nuclear electrons. 

In view of the complexity of imelear structure, it is not surprising: that devia- 
tions from the inverse* square law of force (possibly due to polarization) should be 
found when a test particle passes very close to a nucleus. Experiments on the 
scattering of a -particles by the nuclei of liiiht atoms (where the approach is very 
close on account of the low nuclear charge) actually show such deviations. 

The fact that x -particles (helium nuclei ) are t he on Iy massive particles observed 
so far in radioactive changes indicates that t he complex of 4 protons plus 2 nuclear 
electrons must be pswticularly stable (p. 231). Another remarkable fa *t is that a 
fi-rav change is nearly always followed by a second fj-ray change. 'Phis indicates 
that the 1 electrons w ithin a nucleus are arranged in pairs: and the fact that the 
pairs of fj-ray changes arc preceded and fid lowed hv x-ray changes snuiM-sts that 
the arrangement is such that certain helium nuclei arc closely associated with 
electrons in the nucleus, perhaps thereby constituting neutral x -particles (see 
also p. 23 L ). 
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Keutrons. — Considerable light is thrown on these problems by the 
discovery of the independent existence outside atoms of neutral par- 
ticles of" unit mass (Chadwick, 1932). These particles discovered by 
Chadwick differ radically from hydrogen atoms in that their effective 
diameter is at most only 10~ 13 cm. They are called neutrons . Their 
properties will he discussed on p. 111. This discovery makes plausible 
the new view that nuclei are built up of protons and neutrons, and that 
the very stable a-particle consists of a combination of two protons and 
two neutrons. It still remains an open question, especially in view of 
the discovery of the positive electron (p. 114), whether the neutron, is 
to be regarded as a fundamental particle or as a very close association 
of positive and negative charges. 

4. The Relative Abundance of Different Nuclei 

The constancy of the observed values of the atomic weights of 
non-radioactive elements proves the constancy of the proportions in 
which the isotopes occur in the chemical elements. These definite 
relative proportions must date from the original formation of the 
atoms at the birth of the heavenly bodies. We conclude that certain 
arrangements of the nuclear constituents must be more stable than 
others, at least under the conditions of formation of the elements, i.e. 
in the interior of the stars (p. 456). To obtain information about the 
relative stabilities of the different nuclei, we have therefore to investi- 
gate their relative abundance in the universe. Evidence on this point 
can be obtained only from meteorites. It is to he noted that spectrum 
analysis of the light from stars is of no avail here, firstly because we 
can only obtain information about the surface of the stars, and secondly 
because the intensity of the lines emitted by an element does not hear 
a simple relation to the concentration of the element. In the same 
way, investigation of the distribution of the elements on the earth 
would lead to false conclusions, because the composition of the earth’s 
crust (which is the only part accessible to experiment) must differ 
from that of the interior. The relative abundance of the different 
kinds of atom, according to the best evidence meanwhile available, 
which, however, is by no means conclusive, is shown in fig. 8 on a loga- 
rithmic scale. W e see that there is a marked decrease in abundance with 
increasing atomic number (approximately proportional to the seventh 
or eighth power of the latter). 

The first 29 elements form 99*85 per cent of the earth’s crust, 
99*98 per cent of the stony meteorites, and 100 per cent of the ferrous 
meteorites. The radioactivity of the elements of high atomic number 
is additional evidence for the instability of the heavier nuclei. 

Taking the nuclear masses as abscissae instead of the nuclear charges, 
we obtain fig. 9. which shows the distribution of the lighter elements. 

"W e sec from tig. 8 that elements with even atomic numbers are much 



RELATIVE ABUNDANCE OF DIFFERENT NUCLEI 107 


more abundant than those with odd atomic numbers (Habkixs). 
The two or three elements which have still to be discovered have 
odd atomic numbers. 

If A is the atomic weight (number of protons -j- number of 
neutrons) and Z the atomic number (net positive charge on the 



Fig- S. — Distribution of the elements in meteorites. The distribution in the earth’s crust and 
in the outer layers of stars is in general similar, except for H and He (after Goldschmidt). 
The elements of odd and even atomic number are joined by separate curves. 

[From Handbtdch der Physik, Vol. XXI I (Springer, Berlin).] 


nucleus), the number of nuclear electrons (or neutrons) must he 
N = A — Z. Inspection of a table of isotopes shows that the 
number of nuclei for which N is even is about four times the number 
for which N is odd. In addition, the relative number of nuclei with 
N even and Z even is about 4 in 7, the relative numbers with N odd 



0 to 20 30 OO JO SO 70 SO SO 

-Atomic weight 

Fig. 9 . — Approximate distribution of the lighter elements ira the earth’s crust 


and Z even or with X even and Z odd are about equal (taken together 
about A in 7). while hardly any nuclei with X odd and Z odd exist. It 
is very remarkable that nuclear masses divisible by 4 are particularly 
abundant-. This seems to indicate that the complex corresponding to 
an a-particle plays a special part in nuclear structure. About U* > per 
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cent of the earth's crust is made up of nuclei whose masses are 
divisible by 4, viz. O (16), Mg (24), Si (28), S (32), Ca (40), and Pe (56). 

In this connexion it is interesting to note that the radioactivity of 
potassium appears to be entirely confined to the isotope 41 (Biltz and 
Ziegekt). 

5. Transmutation of Atoms 

Long-range Protons. — When an cc-particle collides head-on with 
a heavy nucleus, it imparts only a small velocity to the latter (see the 
discussion of elastic collision on p. 89). If, however, the struck nucleus 
is light, the velocity imparted to it in the collision is correspondingly 
greater. This is especially marked in the case of hydrogen, where the 
proton is given a velocity 1*6 times that of the original velocity of the 
a -particle itself. Now it has been found that the range R of an elemen- 
tary particle can he approximately represented by the expression 
R — Av 3 Z 2 /m, where v is the velocity, Z the positive charge, m the 
mass of the particle, and A a constant. Tor the direct collision of an 
a-particle of velocity v a with a hydrogen nucleus (proton) we have 
= l*6t> a (Vjz being the velocity imparted to the proton), and hence 

R-H _ % 8 Z h 2 ®._ 
vJZJm* 

Using a-rays with a range of about 7 cm. in air (from RaC'), we 
should therefore expect to obtain long-range protons with a range of 
about 29 cm. Marsden (1914) actually succeeded in detecting such 
particles by the scintillation method when substances containing 
hydrogen were bombarded with a-rays from RaC'. Fig. 10 shows the 
track of one of these long-range protons. One-half of a radioactive 
preparation was covered with a thin layer of paraffin. The tracks of 
the a-rays from the uncovered part are seen on the right of the figure. 
On the left are the tracks of the a-particles which have "been retarded 
by passing through the paraffin, and also the track of one long-range 
proton. 

In pursuing the investigation of this phenomenon Rutherford 
discovered (1919) that these long-range particles are produced by the 
impact of cepar tides on nitrogen atoms in complete absence of hydro- 
gen. Together with Chadwick he subsequently found that the same 
thing happens with a number of other elements. The particles were 
identified as protons by the method of magnetic deflection. It was 
found that some of them had ranges considerably greater (up to 90 
cm. for aluminium bombarded with a-rays from RaC') than that calcu- 
lated above for hydrogen, and were sent out in the backward direction 
as well as the forward direction. These facts indicate that the protons 
must possess energies considerably greater than those of the bombard- 
ing a-particles, and that they must be shot out from the struck nucleus 
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in such, a way that part at least of their energy is derived from the 
internal energy of the nucleus. Thus we have an atomic transmutation, 
similar to those which, take place spontaneously in the case of radio- 
active elements. 

Bombardment with, a-particles (mostly from BaC) has been found 
to cause emission of protons from all the elements of atomic number 
up to 19, with the exception of H. He, Li. C. and Be. In these excep- 
tional cases the data are contradictory. The most marked transmu- 
tation effects occur with B, N, and Al. 

In processes of this kind it seems as though we are not (or not 
always) dealing with a smashing of the nucleus by the a-particle impact. 



Fig. 10. — Track of a long-range proton produced by bombardment of paraffin with a- rays. 

(The track is indicated by the arrow on the left) 

[From L. Meitner, Die .V aturmissenscheiften „ tO — 7 (Springer, Berlin).] 

but rather with a capture of the a-particle. Evidence for this is to he 
found in the fact that in many cloud-track photographs of transmu- 
tations of nitrogen (see fig. 11) only two tracks are produced, that of 
the long-range proton and that of the rest of the nucleus — the captured 
a-particle. This explanation corresponds to the formation from nitro- 
gen (atomic weight 14, atomic number 7) of an atom of atomic weight 
17 and atomic number 8, i.e. the oxygen isotope 17. This isotope has 
actually been detected spectroscopically in the earth's atmosphere. 

The number of direct head-on collisions of a-particles with nuclei 
in any experiment is very small, only one long-range proton being 
produced for several hundred thousand a-particles. Now it can be 
calculated from the number of ions produced that an a-particle actually 
passes through some 100.000 atoms in the course of its range. Hence 
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it follows that only about one In 10 10 of such passages through atoms 
results in a nuclear transmutation. It is found quite generally that 
above a certain limiting velocity (for boron about that corresponding 
to a range of 1-3 cm., for nitrogen about 2-8 cm.) a bigger yield is 
obtained. It appears further (according to Pose) that for the dif- 
ferent kinds of atoms there are different velocities of the bombarding 



Fig. II. — Cloud -track photograph showing the transmutation of a nitrogen nucleus by the capture 
of an a-particle and emission of a proton, (after Blackett) 

[From Handbuch der P/iysik, Vol. XXII, i (Springer, Berlin).] 


a-particlcs which, produce particularly large yields (so-called resonance 
transmutation). 

Transmutations of atoms can also be brought about by bombard- 
ment with protons which have been accelerated in a high electric field. 
This was first shown by Cockcroft and Ualtom in 1932, using a 
potential fall of about 120,000 volts. They found that the lithium atom 
was disrupted with emission of a- particles, probably in accordance 
with the equation Li 7 -f HU 2 He 4 , in which the masses of the particles 
art' written as indices. A number of other elements were also trans- 
muted in the same way. Here again the yield increases with the energy 
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of the protons. By improving the methods of detection Rausch: veer 
Tbaubexberu has succeeded in demonstrating that lithium is 
transmuted even by protons accelerated by a potential fall as low as 
13,000 volts; hut here the yield is only one in 10 17 . 

As has been shown by Rothe and Becker (1930), a short-wave 
electromagnetic radiation (corresponding to the y-rays of radioactive 
elements) is also produced by the <x-ray bombardment of light elements 
(particularly Li, B„ F, and above all Be). 

T*he Neutron. — The transmutation experiments described above 
show that the proton really is a fundamental constituent of the 
nucleus. Protons, electrons, and a-particles, however, are not the 
only constituents. 

Closer investigation of the effect of bombarding beryllium with 
a-particles gave a very remarkable and unexpected result. Madame 
Ctjbie-Joeio'X and M. Jol,iot found in 1932 that rays are produced 
which, when allowed to fall on substances containing hydrogen, in 
their turn produce new strongly-ionizing particles, with the properties 
of protons with a velocity of about 3 X 10 9 cm. per second. Chadwick 
was also able to show (1931) by means of an ionization chamber that 
the rays emitted from bombarded beryllium give rise to rapidly-moving 
atoms when allowed to fall on other elements, e.g. He, Li, Be, C, O, 
N, and A. Difficulties are encountered if an attempt is made to explain 
these effects as due to an electromagnetic radiation (p. 235); in particu- 
lar. the dependence of the velocities of the atoms upon their masses 
is different from what one would expect on this view. 

The ranges of the moving atoms observed by Chadwick in different 
elements subjected to the rays from bombarded beryllium can be 
satisfactorily explained on the view that the particle colliding with 
them has a mass equal to that of a proton. Quite unlike the well- 
known high-speed protons, however, the particles in question produce 
no tra cks in the cloud -eh amber and no ionization in the ionization 
chamber. These facts, together with their extremely high pene- 
trating power, indicate that their charge must be zero. That is. thev 
are neutral particles of unit /Has*. These particles are called neutrons. 
The possibility of the existence of such particles had been considered 
much earlier by Le.vaiu) (nuclear dynamids) and by Ritherford 
(1920). From the lengths and total ionization of the tracks of struck 
nuclei information can be obtained about the velocity of these nuclei 
and hence about the velocity of the impinging neutrons. The value 
found for neutrons from bombarded beryllium is about a tenth of the 
velocity of light. 

Since neutrons appear to be at most of the same dimensions as 
nuclei, they are practically unaffected in passing through the outer 
parts of atoms and product* practically no ionization. Only when thev 
collide directly with a nucleus or with an elect ron does their presence 
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become apparent. Tlie struck particle recoils and produces ionization 
along its track, thereby betraying the existence of the neutron which 
struck it. A photograph of such a recoil track, produced by a particle 
struck by a neutron, is shown in fig. 12. 

The velocity v imparted to an originally stationary body of mass 
m by the direct impact of another body of mass m Q and original velocity 
v 0 is given hy v = 2y^ 0 v 0 J(m 0 +- w) (see Vol. I, p. 215, and this volume, 
p. 89). Hence the maximum velocity attainable by the struck body is 
2v Q . when the impinging body is of infinite mass 

Thus the velocity imparted to an electron by the direct impact of 
a neutron cannot exceed twice the original velocity of the neutron. 



Fig. 12. — Recoil of a He nucleus after collision with a neutron. In the 
centre is the a-ray source surrounded by a beryllium sheath. Below is 
a control preparation with a-particle tracks (after Rasetti). 

[From Die i^aturxczssenschaften, 193a (Springer, Berlin).} 


If we use neutrons with a velocity of about 3 X 10 9 cm. per second, 
this means that the electron tracks (which can he distinguished by the 
nature of their ionization from the tracks of massive particles) will be 
quite short. These short electron tracks (similar to short-range /3-ray 
tracks) have actually been observed by Chau wick. Feather, and Dee 
on more than a hundred cloud-track photographs in which neutrons 
from beryllium were allowed to pass through the chamber. The 
observed lengths are in good agreement with the theory. 

Further evidence for the nature of the neutron, is the fact that the 
ranges of the struck atoms are reduced if the neutron beams are first 
made to pass through a layer of matter. This behaviour favours the 
view that neutrons are corpuscular, rather than undulatory, in their 
nature. 
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The Curie- Jolt ots and Dee have also observed tracks of faster 
electrons, such as one might expect to he produced by y-rays. Thus 
it seems that y-radiation is emitted in the transmutation of beryllium, 
in addition to the neutron rays. From an investigation of ionization 
by neutrons in counting apparatus Rasettt has also been led to the 
conclusion that y-radiation with an Ar-energy of 10 million electron- 
volts must also be present. 

The process in which the neutrons are expelled from the beryllium 
nucleus is probably to be regarded as a capture of the a-particle by 
Be 9 with simultaneous formation of C 12 : thus Re 4 9 -f- He 2 4 — > C 6 12 -f- }l c^- 
In this equation the nuclear masses are indicated by indices and the 
corresponding charges by suffixes. The neutron is denoted by ^ () x . 

As Rutherford has concluded from cloud-chamber tracks. Feather 
(1932) has further succeeded in producing new types of transmutation 



Fig. 13. jSfitrogen Fig-. 14. — Oxygen 

Figs. 13 and 14- — Atomic transmutations due to bombardment by neutrons 
[From Die JV at ur zvis sens chaf ten , 1932 (Springer, Berlin).] 


of nitrogen nuclei by bombardment with neutrons. He obtains two 
types: one involving capture of the neutron and emission of an 
a-particle, and the other involving the knocking-out of a proton with- 
out capture of the neutron. 

Fig. 13 shows a transmutation of the nitrogen nucleus according 
to the equation N 14 n 0 4 — > B 11 + He 4 . The shorter track (range 

3*3 mm.) belongs to the boron nucleus; the longer track (range 
10-1 mm.) belongs to the a-particle. The neutron produces no cloud- 
track (see below), but its direction of motion can be obtained by join- 
ing the source to the point of collision. ^Measurement of stereoscopic 
photographs and application of the laws of conservation of energy 
and momentum make it possible to calculate the original energy of 
the neutron, the value obtained being 3-4 x l(> tt electron-volts; of 
this, 0-42 X 10 e electron-volts are absorbed in the collision. Fig. 14 
shows the transmutation of an oxygen nucleus: <) 4,i — n 0 l — - F 13 Hr 4 . 
In this photograph the shorter track (range („5-(> nun.) belongs to the 
F 13 nucleus and the- longer track (range 28-3 nun.) to the a-particle. 
The original energy of the neutron conies out as 8-3 X IF 3 volts, of 
which 0*9 X 1(> 6 volts are used up in the collision. It is interesting 
that a-particle bombardment of boron gives nitrogen with emission 

CC)f>7) 9 
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of neutrons, while (as we have just seen) neutron bombardment of 
nitrogen gives boron with emission, of a-particles. Thus this process 
can be carried out in the laboratory in both directions. 

A remarkable property of neutrons is their very great penetrating 
power. Whereas a proton of velocity 3 X 10 9 cm. per second has a 
range of only 30 cm. in air, the range of a neutron of the same velocity 
is several miles in air. This statement is based upon actual absorption 
measurements. We conclude that the dimensions of the neutron and 
the extent of its held must he very small (10~ 12 to 10~ L3 cm.). This 



Fig. i 5.—- Cloud-track of a positive electron in a magnetic field 
[After Anderson, Physical Review, Vol. K.LI 1 1 , i 033] 


explains the fact that the ionization produced by neutrons is extremely 
small — only one ion-pair for several metres of path — and that no 
appreciable cloud-track is formed (see figs. 12, 13, and 14). The yield 
of neutrons is of the same order as the yield of high-speed protons "by 
the appropriate nuclear transmutations. The most favourable source, 
beryllium bombarded by the a-particles from polonium, gives only 
about 30 neutrons per million a-particles. The yield is increased by 
using a-particles of higher energy. All the elements up to aluminium 
appear to give neutrons, with the exception of He, 1ST, C, and O. A few 
elements, e.g. F and Al, give both neutrons and protons. 

The Positive Electron. — In the course of cloud-cliamber investi- 
gations of the particles produced by the action of so-called cosmic 
radiation upon matter. Axderson discovered new positive particles 
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along with negative electrons. Their charge and mass were determined 
from their magnetic deflection and the ionisation they produced. The 
particles proved to have about the same mass as ordinary electrons; 
but their charge, though equal in magnitude to the electronic charge^ 
is opposite in sign.* They have been given the name of positive electrons 
or positrons. Positron tracks are shown in figs, 15 and 16. By the 
adoption of a special device Blackett and Occhiali^i have succeeded 
in photographing a large number of positive electron tracks and so 
determining the charge and mass of the particles. Often a 4 ‘shower 



Fig. if). — Cloud-track of a positive electron in a magnetic field of 430 gauss. 

The positive electron was produced by irradiation of lead with y -rays from 
RdTh and its disintegration products (after Anderson). At the top is the lead 
plate, across the middle is a sheet of al uminium. Assuming; the mass of the particle 
to be the same as that of an ordinary negative electron, the velocity above the 
aluminium sheet comes out as Szo.ooo volts, below the aluminium sheet as 
530,000 volts. [ 1 'rom ZViyut'ai Rezirzi\ Vol . Xblll. 1*333.] 

of positrons is observed, the tracks all originating from a single point 
(fig. IT). JSiii'h showers indicate that some kind of nuclear explosion 
must have occurred. It was later found possible to produce positrons 

* (If course a simple magnetic deflection experiment does not <li tferentinte between 
a positive electron and a negative eleetr-on travelling in the reverse direction. To 
settle this point, the part ieles i n question were aused to pass th n mull a Inver of 1 
{t he aluminium plate of tigr. 1 (>), and theeurvi tires of their t racks in a magnet t ■ ti cld 
were measured on both sides. Passage throng 1 matter willobviou.lv slow clov 11 tlie 
u-t ieles; lienee the curvature must be great e t on tin* side of rniergriict 1 . An thser- 
of this kind thus makes certain the seise* in which the par ieles art* noviinr, 
id st vmovrs any possible ambiguity as to tl si mi < »f tliei r charge. Furthe lemv 

pro ided by the hiettinit the particles an iomctinies observed in *“ showers ", the 
onding tracks all radiating from z\ single point. The sense of motion mist 
iviouslv be away from this point, as it is scarcely conceivable that so many par- 
ticles should converge upon one spot. 
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by irradiating lead with the very short-wave y-rays of ThC". So far 
this field of investigation has scarcely been touched, and no more 
detailed experimental data on the nature of the underlying elementary 
processes are available. 



Fig. 17. — Shower of particles (positive and 
negative electrons and nuclei) produced by 
cosmic rays. (Taken in a magnetic field.) 

[After Blackett and Occhialini, Proc . Roy. 

Soc., A, Yol, CXXXIX, 1933-] 

Closely related to the discovery of the positron is the question 
whether the neutron is of a, complex or an elementary nature. The 
neutron may be regarded as an elementary neutral particle or as a very 
close association of a proton and a negative electron. As yet it is not 
possible to decide between these alternatives. 



CHATTER III 


Light and Matter 

A. The Photoelectric Effect 


1 . The External Photoelectric Effect 

It lias already been mentioned in Vol. Ill (p. 312) that if the cathode 
of a vacuum tube is illuminated with light of sufficiently short wave- 
length, a current flows when a relatively small potential difference is 
applied. This current is due to electrons liberated from the cathode 
by the action of light. The cathode may be made of any metal or 
material which exhibits metallic conduction. (For other substances 
see p. 125.) 


Historical. — The discovery of this effect goes back to an observation of H. 
Hertz (1887), who found that the passage of a spark between metallic electrodes 
is facilitated by illumination with ultra-violet light. 

In 1888 Hallwachs showed that this is associated 
with the production of carriers of electricity; the 
fact that these carriers are electrons was established 
in 181)!) by Lexard (Vol. Ill, p. 3 IS). 

All experiment similar to that mentioned 
above is illustrated in fig. 1. Hero the space 
between the electrodes of a charged condenser 
is filled with a transparent insulator of high 
refractive index (n >>2; zinc blende, diamond). 

If zinc blende is used, the distance between 
tin' electrodes should be about 1-2 mm. When 
the insulating medium between flic electrodes 
is illuminated, a current is observed (see tig. 1). 

This is clearly due to the liberation of carriers 
of electricity ill the interior of the dielectric. 

The originally charged condenser d ischarges 



I’ohli. 

i F mm IL \Y. Pohl, Physical 


itself, as is seen bv the fall of potential shown p,ltu ^ /tS ~ »tKhcniat\ andM^- 

i . •, ‘ J , ,, , uni* m [ Black ic Sc Son. Ltd., 

by tlic electrometer connected m parallel ll;K >,.] 
with it. 

Thus on the one hand we have an external photoelectric effect occur- 
ring at the surface of solids or liquids, and on the other hand an internal 
yhotoclect ric effect occurring in their interior. 
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Fundamental Experiments. — In the experiment described in Vol. 
Ill, p. 312, a current is observed in the external circuit even when 
no potential difference is applied, provided that the tube is well 
evacuated and the wave-length of the light used to irradiate the elec- 
trode is sufficiently short; the irradiated electrode becomes the cathode. 
It follows that the electrons liberated hy the light must leave the 
electrode with a certain velocity. In actual practice it is very difficult 
in this form of the experiment to fulfil the condition that there shall 
be no potential difference between the electrodes when there is no 
illumination; for as a rule there will be a contact potential difference 
amounting to several tenths of a volt or even to several volts. 

The liberation of individual electrons can be very clearly followed 
bv the balanced-drop method described in Vol. Ill, p* 47. A particle 
suspended in the field of a Millikan condenser is irradiated from 
the side with light of short wave-length (e.g. with X-rays, as in fig. 53, 
Vol. Ill, p. 48). It is then possible to observe the sudden changes in 
the charge of the particle, and to show by measurement that these 
changes correspond to the loss of a single electron. By using suspended 
particles of differing substances it can be shown that the photoelectric 
effect is common to both metals and insulators. With extensive layers 
of insulating material, however, the effect is reduced practically* to 
zero, owing to the charging-up which occurs. 

Connexion between the Number of Electrons and the Intensity of 
the Eight. — As long ago as 1892 Elsteh and G-eitel proved that the 
number of electrons liberated "by illumination with light of definite 
spectral composition is directly proportional to the absorbed light 
intensity, and hence also, if the conditions are kept constant, directly 
proportional to the incident light intensity. To obtain this result it is 
necessary to use a very good vacuum and to eliminate all possible 
sources of error (p. 128). The relationship is then found to hold good 
for alterations of light intensity in ratios up to 1 : 10 9 . "Upon it depends 
the possibility of using the photoelectric effect to measure light inten- 
sities (p. 127). 

If only the absorbed light energy is considered, it is found (Pohl, 
1909) that the number of electrons liberated (so-called photo- electrons) 
is completely independent of the angle of incidence and state of polariza- 
tion of the light. Marked differences may well occur when the incident 
intensities are equal, owing to unequal absorption and reflexion. The 
decisive quantity is always the absorbed energy. 

Velocity Distribution of Photo-electrons. — The conductivity ob- 
served in the experiment of Vol. Ill, fig. 18, p. 312 having been proved 
to be due to electrons, the velocity of these electrons can be determined 
from the radius of curvature of their paths in a magnetic field. For 
this it- is necessary to work without any potential difference between 
the electrodes of the tube. For more accurate determinations the form 
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of apparatus shown in fig. 24, p. 44 is used (Ramsauer’s method). 
A narrow circular path is determined by' suitably arranged slits 
1, 2, 3, . . . (see frig. 24). The uniform magnetic field is applied in such 
a way that the lines of force are at right angles to the plane of the 
figure. By suitable regulation of the field strength and simultaneous 
observation of the number of electrons entering the collecting cage 
at 8 (by noting the rate of charging of an electrometer), a measure is 
obtained of the relative numbers of electrons liberated from the 
illuminated plate (marked Zn in the figure) with velocities determined 
by the radius of the path and the respective strengths of the applied 
magnetic fields. 

A second method of investigating the velocities of the electrons 
depends upon the application of a retarding field (Lexard). Big. 2 
is a diagram of a radially symmetrical ar- 
rangement of this kind. The substance M 
under investigation is placed at the centre of 
a large hollow conducting sphere H. which 
is not photoelectrically sensitive to the 
radiation used. The whole is completely 
evacuated. Light falling on M through a 
small window liberates electrons, which all 
travel to H when there is no retarding field. 

The current produced in this way can be Fi g . 2 . — Retarding field 
measured by an electrometer connected as method . with spherically *ym- 
shown. Application of ail accelerating po- 
tential between M and H (i.e. JL is made positive relative to M) 
makes no difference to the current strength, for the latter already 
has its saturation value, since all the electrons reach H. If. however, 
a retarding potential is applied, only those electrons with initial 
velocities (expressed in volts) greater than the applied potential 
will be able to overcome the opposing field and reach the sphere. 
Actually the electrons liberated by the photoelectric effect have 
various velocities, so that the effect of increasing the retarding field 
will be to diminish the observed current gradually (see fig. 3). The 
gradual increase in the applied potential can be conveniently brought 
about by means of a potentiometer arrangement like that shown in 
fig. 2. 

Electrons with volt -velocities less than the potentia 1 t lifference of the applied 
retarding Held are turned hack before machine i! and return to M, just its a stone 
thrown upwards falls back to the ground. 1 1 is not difficult to see that the rate 
of fall of the curve of tig. 3 (i.e. its gradient or derivative at any point) is a direct 
measure of the number of electrons whieh just fail to reach the sphere H for the 
pnrtici i la r value of the retarding potential. 

The retarding potential at which the current l)ea ime.s zero gives the maximum 
electron velocity occurring under t lie conditions of the experiment. When the 
current is zero, all the electrons are turned back by the Held and return to 31- 
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Differentiation of the ordinate in fig- 3 gives the velocity distribution of the 
electrons, i.c. the relative numbers of electrons with velocities within given 
ranges (compare fig. 31, p. 40, and fig. 6, p. 123). 

In order to obtain the maxi- 
mum. electron velocity another 
method due to Lenard may also 
be used, in. which the quantity 
observed is the potential (relative 
to the surroundings) eventually 
taken up by the body under in- 
vestigation when very carefully 
iusulated and exposed to the illu- 
mination. Thus in this method the 
retarding field is set up by the loss 
of the photo -electrons themselves, 
and the final potential reached 
(the insulation being assumed 
perfect) is that at which even the 
fastest electrons are -unable to get 
away from the illuminated body 

, ; , , [ and fall back again to it along 

~ } — Oi- ;+/ -f 2. Volts parabolic paths. 

1 u a 0i ~ + 1 Volts Independence of the Maxi- 

Fig. 3- — Photoelectric current at different retarding VelOCitjT of the Photo- 

potentials electrons and the Intensity of 

it' = measured potential of anode relative to cathode. the Incident Light. — In 1902 
u — true value, corrected for contact potential dif- -r 

ference «*. Ienard discovered the fact, 

then completely unexpected, 
that the maximum velocity oj the electrons liberated by a definite hind of 
light is independent cf the incident intensity. This discovery has proved 
of fundamental importance in the subsequent developments of atomic 
physics. Table XII gives the relative values obtained by Lenari> 

Table XII. — Vabiatiom of the Maximum Velocity 
op the Photo -electrons with Light Inteksity 


nUslit intonsitjr 

Maximum velocity 

(in arbitrary units) 

in “volts” 

27(1 

1*05-1-10 

174 

1 12 

32 

1*10 

4-1 

1*06 


witLt a carbon arc. Other experiments have shown that this inde- 
pendence of incident intensity and electron velocity holds not only for 
the maximum velocity but also for the whole velocity distribution. 

Variation of the Velocity with the Freauency of the Light. — In the 
course of the same investigations Lrxard found indications of a 
variation of the velocity of the emitted electrons with the wave-length 
of the light used, in the sense that the velocity increased as the wave- 
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length was made shorter. Mare accurate investigations of this point were 
not made till some ten years later (Hughes, 1912); the matter was 
then taken up in particular by Hillikan (1916). On account of the 
great importance of the results, these experiments will now be dis- 
cussed. in greater detail. 

The surfaces under investigation are mounted in a high vacuum 
in such a way that they can be cleaned and interchanged in situ. The 
exciting light must be very carefully freed from all stray light, especially 
that with a shorter wave-length. This may be effected by means of 
a double monochromator, i.e. two stages of spectral decomposition 
by means of prisms. The maximum velocity of the photo-electrons is 
determined by observing the value of the retarding potential at which 
the current between the irradiated substance and an auxiliary electrode 



Fig-. 4-. — Variation of photoelectric current with retarding potential at different 
wave-lengths in Millikan’s experiment 

U' = measured potential of anode relative to cathode. 

U = potential corrected for the contact potential of — 2-47 volts. 


just becomes zero. Fig. 4 exhibits these retarding potentials as de- 
termined by Millikan for differing incident wave-lengths. AVe see 
that as the wave-length is diminished the retarding potential for zero 
current increases, i.e. the velocity of the electrons on leaving the sur- 
face increases. To find the actual electron velocities, it is necessary 
to make allowance for the contact potential difference between the 
substance under investigation and the auxiliary electrode. In the case 
of tig. 4 (sodium) this involves a correction of 2-47 volts. The corrected 
potentials are given on the lower horizontal axis on the figure. The 
maximum velocities are given by the points where the curves meet the 
horizontal axis. They are plotted in fig. 5 as a function of the frequency 
of the light used. The graph obtained is a straight line; its equation 
may he written in the form 

(h*r 2 =) cr mjs ----- hv — jk 

where is the maximum electron energy, c is the frequency of 

the light, and h and p are constants. The threshold of the photo- 
electric effect is given by the point where the line meets the frequency 
axis, for here the maximum velocity is zero. In the present example 
of sodium the frequency of this threshold is r - -- 4-:JP X ltd 4 see. -1 , 
which is equivalent to a wave-length of A ^ 
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In the above equation p means the amount of energy required to 
remove an electron from the substance in question. This we may call 
the work of separation.* In general it consists of two parts, the energy 
of ionization required to split off the electron from the atom, and the 
energy required to get it out through the surface of the "body (the 
so-called work function!). The value of p generally amounts to a few 
electron-volts. 

The great significance of this equation, especially that due to the 
occurrence in it of the universal constant h — 6*55 X 10~ 27 erg sec., 
will he realized in the course of the discussion of other facts in atomic 
physics. 

Quanta of Energy and Light. — The energy properties of light in 
the photo-electric effect were given a theoretical basis by Einstein - 



Fig. 5. — Maximum electron energy (from fig. 4) as a function, of the 
frequency 


in 1905, after Planck had put forward his theory- of the quantum, 
behaviour of atomic resonators (p. 148). Einstein’s theory, which 
was based upon tlie experimental results of Lenard, has been amply- 
justified by subsequent work. The photoelectric effect obviously 
consists in the transference of the energy of the absorbed light to an 
electron. This energy then appears (except for the amount p) as 
kinetic energy of the electron. It is observed, however, that the kinetic 
energy is independent of the intensity of the incident light, and depends 
only on the frequency. Accordingly wc may associate with the light 
a certain energy of magnitude hv, such that the transferences of energy 
to the substance in the photoelectric effect can only take place in 
integral multiples of this amount. The quantity of energy hv can be 
communicated to an electron in some way still unknown, w-hereby 
the electron is given a certain kinetic energy. The magnitude of this 
kinetic energy cannot exceed hv, but may be less than hv if part of 
the energy is used up in other ways. 

Wc may therefore regard the energy carried by the light as con- 

* Gbr. Ai,tn nmiiMjsarbeit. 


■f Ger. .4 usirittsurbeit. 
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centx&ted In packets, each of magnitude hv and each behaving indi- 
vidually and independently. These energy packets are called light 
quanta (see Yol. IV, p. 1). For further properties of light quanta see 
p. 233. 

Velocity Distribution with Monochromatic Illumination. — Even 
when the light used is all of oue frequency, the emitted electrons leave 
the surface with different velocities. This fact is possibly due to the 
different paths taken by the electrons before they arrive at the surface. 
This has been demonstrated in particular by the sphere method of 
fig. 2, p. 119, in which the magnitudes of the velocities are measured 
directly, since the electrons always travel in the direction of the field. 



Fig-. 6. — Distribution of kinetic energy of photo-electrons 
from zinc (after Ramsauer). The relative shape of the 
curve is the same for all wave-lengths (measured from 
285 to 186 7 / 1 ^). 


no matter at what angle they emerge from the surface. It is found that 
the energies are distributed about a maximum as shown in fig. *J. 
The distribution about the maximum is independent of the particular 
frequency used, so that for the average energies there is also a linear 
dependence upon the frequency. 

Spectral Distribution of the Photoelectric Effect. — Experiments 
show that the electron yield (i.e. the number of photo-electrons passing 
through the surface, referred to the same amount of absorbed energy 
in all cases) depends very much upon the wave-length of the light. 
I 11 this connexion we distinguish between two cases: the so-called 
normal photoelectric effect, in which the number of electrons increases 
with increasing frequency, and the so-called selective photoelectric 
effect, in which the yield is a maximum at- a certain frequency. Ex- 
amples of these two cases are given in figs. 7 and S respectively. 

Normal Photoelectric Effect. — The number of photo -electrons 
(per unit absorbed energy) increases with increasing frequency. 31ost 
of the measurements refer to layers of material which are very thick 
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relative to the actual absorbing layer, so that it is certain that only 
a fraction of the electrons liberated in the interior are actually observed. 
In these cases the nature of the surface has a very great influence. 
The presence of layers of gases, on the surface or absorbed in the in- 
terior, is of importance, especially fox the 
long-wave threshold, which (according to 
different observers) may vary by 100 mp or 
more for the same “pure 55 metal. Changes 
of photoelectric sensitivity with time 
(“ fatigue ?J effects) may also be explained 
by the gradual formation of such layers. 
In general we may say that every metal 
shows a photoelectric effect from a long- 
wave threshold of 300—200 mp onwards. 
In some cases, however, the long-w r ave 
threshold may lie in the infra-red, e.g. for 
some compounds which exhibit metallic 
conduction, and for strongly electro- 
positive metals, such as rubidium. 

Selective Photoelectric Effect. — Some metals (and probably also 
some compounds) exhibit the behaviour illustrated in fig. 8, i.e. give 
a well-marked maximum of photoelectric sensitivity at a certain 
frequency. Working with polished mirror surfaces, Poim and Prixgs- 
heim were able to show in 1910 that these selective effects occur 



Pig. 7. — Normal photoelectric effect 



only when the electric light vector possesses a component normal to 
the metal surface. Fig. 9 gives the experimental results. We see that 
the selective effect is obtained when the light is such that there is an 
electric component normal to the surface, but. that the normal effect 
is alone obtained in the absence of such a component. The selective 
effect in the first case is superimposed upon the normal effect. The 
position and height of the maximum are greatly influenced by structure 
and the condition of the surface. Probably the selective effect depend s 
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entirely on some peculiar surface condition exhibited by alkali and 
alkaline-earth metals. Tor the photoelectric effect of phosphors see 
p. 173. 

Occurrence of the Photoelectric Effect. — Probably all solid sub- 
stances would give the effect with light of sufficiently short wave-length, 
provided only that the light were absorbed. In. this connexion account 
must he taken of the static charging of insulators. Apart from the 
metals, but few substances have been investigated. Amongst these 
may be mentioned organic dyes, for which no connexion between 
fluorescence and the photoelectric effect is found, also various halogen 
compounds (<200 m p) and ice 
(<180 mp). Among aqueous 
solutions, potassium ferrocyanide 
alone gives an appreciable effect 
above 180 mp. Specially detailed 
investigations have been carried 
out upon the phosphors CaS 
and SrS in the form of powder 
(p. 173). These show selective 
maxima at the regions of exciting 
absorption and a general photo- 
electric sensitiveness increasing 
towards the shorter wave -lengths, 
corresponding to the so-called 
ultra-violet process (non- selective 
excitation) of phosphorescence. 

The Quantum Yield. — It has 
been stated on p. 122 that when 
the energy of absorbed light is 
transferred to electrons, the trans- 
ference takes place in quanta 
of magnitude hv (where v is the frequency). If one quantum is 
transferred to each electron, it follows that the number n of electrons 
liberated by a total quantity Q of absorbed light energy is given by 


This number is called the quantum equivalent. From the equation it 
follows that the number of electrons liberated per unit of absorbed 
light energy is inversely proportional to the frequency of the light; 
but as the number of electrons falls off. the energy imparted to each of 
them becomes correspondingly greater (the work of separation p being 
regarded as constant). 

If we imagine the energy of the light concentrated in some way 
into quanta each of magnitude hv (see p. 233 and Vol. IV, p. 1), the 



FUg. Q- — Influence of polarization on the photo- 
electric effect of a Xa-K alloy. Anerle of inci- 
dence 6o°. 

(E :| = electric vector parallel to plane of inci- 
dence. E x = electric vector normal to plane of 
incidence.) 
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above relation states that the number of such quanta making up the 
energy Q is inversely proportional to the frequency of the light. The 
amount of energy kv in a quantum is directly proportional to the 
frequency v. 

The electron yields (i.e. the numbers of electrons per unit of energy, 
here per watt-second) to be expected in view of the above relationship 
are plotted in fig. 10 (the continuous line). The point at which the 
line stops is determined hy the work term p; for when Jiv becomes 
equal to p the quantum energy is no longer large enough to eject an 
electron. Comparison with fig. 7 (p. 121) shows that the actual curves 
observed for the normal photoelectric effect in metals slope in quite 
a different way. Yet no contradiction of our principles is involved, 
as we see when account is taken of the actual values of the ordinates. 

In fig. 7 the observed yield does 
not amount even to a thousandth 
of that which we would expect 
from quantum considerations. Thus 
less than a thousandth, of the 
absorbed light energy is transformed 
into kinetic energy of electrons 
passing out from the surface, if due 
allowance is made fox the work p 
used up in separating the electrons 

— > A-c/y 2DQ 400 scom/j. -f rom the material in question. 

Fig. to. — Theoretical quantum yield per ReilCO ill the COUUSe of the tTSLIlsfoX- 

watt-second of absorbed energy for different; ma -fcion of the light eneXSTV in the 
wave-lengths. . . 0 . 

interior, processes must occur which 
use up the energy in other ways, converting it eventually into thermal 
motions. 

In the first place it is probable that the directions in which, the electrons are 
emitted from the absorbing atoms arc distributed more or less at random, so 
that only a fraction of the electrons actually liberated is susceptible to obser- 
vation. Further, only a fraction of those emitted in the right directions are able 
to reach the surface of the material with a sufficiently high normal velocity com- 
ponent. Of very great importance in this connexion is the condition of the outer- 
most layers of the surface, especially their capacity for allowing electrons to 
pass through. This explains the enormous importance of surface condition for 
photoelectric yield. It is easy to see that electrons with higher initial velocities 
will penetrate the surface in greater numbers. Hence the rise of yield with in- 
crease of frequency, at least as far as it has hitherto been experimentally realised 
— a fact which at first seems to contradict the deductions from the quantum 
theory. It is not impossible, however, that with longer wave- lengths the matter 
may be complicated by modification of the nature of the absorption process, 
whereby only a fraction of the absorbed light is photoelec tricall y effective. 

If only the effects of internal absorption and surface discon- 
tinuity could be eliminated, it would be possible to demonstrate the 
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full quantum equivalent. As will be explained on p. 130, this has 
actually been achieved in certain cases. 

Photoelectric Cells. — The practical application of the photoelectric 
effect depends on the transformation of light energy into electrical 
energy in a cell like that illustrated in fig. 11. The photoelectric cell 
consists of a sealed bulb of glass or silica, in which are mounted the 
photo-sensitive layer (usually a specially prepared film of alkali 
metal) and an auxiliary electrode. Leads are sealed into the bulb and 
connected to terminals. In general an auxiliary potential difference is 
applied between the electrodes, the sensitive layer being made nega- 
tive. The electrical energy is then derived from the auxiliary battery ? 



Fig. r i. — Photoelectric cell as use<d in practice 


the actual cell acting only as a control. The electron current liberated 
by the incident light is exactly proportional to the light intensity 
(p. 118). Light flashes as brief as 3 X 10” 9 sec. produce an immediate 
response, the action of the cell being entirely devoid of inertia. 

In the case of a well -evacuated cell the whole current is a pure 
electron current. Here very small applied potentials are sufficient to 
raise the current to its saturation value, after which further increases 
in potential produce no further effect. The actual currents obtained, 
however, are small, of the order of 10“ 10 ampere per lux of Incident 
energy. 

In order to increase the current, the cell is sometimes filled with 
an inert gas. Increase of applied potential then causes a* large increase 
in the ionization produced by the accelerated electrons, thereby in- 
creasing the number of carriers and thus increasing the current. 

log. 12 shows the current -voltage charm- trusties of a vacuum photo-cell 
( curve I) and a gas- filled cell (curve I I). In the first rase saturation its reached 
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with relatively low applied potentials. In the second case the current rises rapidly; 
but, when a certain applied potential is exceeded, spontaneous discharge sets in, 
with consequent damage to the cell. A disadvantage of these cells is the occur- 
rence of fatigue effects, e.g. a decrease in sensitiveness after strong illumination. 
Quantitative work with photoelectric cells therefore requires some care and 
experience. For the short-wave ultra-violet region use is made (especially in 
meteorology) of cadmium cells; for longer wave-lengths the selective effects of 
alkali metal films are used. With gas-filled cells and great light intensities it is 
possible to use a galvanometer to measure the current; but with vacuum cells 
and lower intensities a very well insulated electrometer must be used. Another 
method is to connect the photoelectric cell to the grid of an amplifying ther- 
mionic valve (or system of valves) and thus to make the charging of the grid 
control a larger current. The measurement is then best carried out by compen- 
sating the anode current, using a pointer instrument as a null instrument (fig. 13). 
The range of application of photoelectric cells is continually being extended. 





jo \ joa Totes 

^-.Jlnode 'potential 

Fig. 12. — Characteristic carves of (I) a vacuum 
type of photoelectric cell and (II) a gas-filled 
photoelectric cell. 



Fig. 13. — Amplifier circuit for photo- 
electric measurements 

L, source of light; Z, photoelectric cell; 
R, grid leak resistance; A, anode; G, grid; 
K., cathode; AH, anode battery; HB, fila- 
ment battery; GB, grid bias battery. 


In addition to numerous applications for scientific purposes in the fields of 
photometry and astronomy, mention may be made of their very extensive use 
in sound films, picture telegraphy, television, and a great variety of technical 
relay devices. 

2. The Internal Photoelectric Effect 

The Primary Current- — A photoelectric effect in the interior of a 
transparent body can best be detected by the motion, of the liberated 
charges when a field is applied. Thus the effect is manifested by the 
occurrence of conductivity on illumination, ox perhaps an increase of 
an original dark 55 conductivity. The processes involved are extremely 
complicated. Qudben and Pohl (1921) were the first to unravel the 
fundamental process and to demonstrate the migration and replace- 
ment of the electrons liberated by the light (the so-called primary 
photoelectric current ). They carried out investigations with well- 
insulating crystals such as diamond, zinc sulphide, and rock salt, and 
confined themselves to low intensities. In the apparatus shown in 
fig. 14 the crystal D is clamped between the electrodes KL - and Iv + 
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and illuminated all over. We may suppose that the absorption is 
approximately uniform throughout. The light liberates electrons from 
the positively-charged centres in the crystal (see below). These centres 
remain at rest, but the electrons move under the influence of the applied 
held. This movement is measured by the electrometer E (so-called 
negative part of the primary current). In this connexion it is to be 
remembered that if in a given time n electrons have each moved 
through an average distance r, then the electrometer indicates the 
charge fraction tiexjd, where d is the distance from 3v~ to K> and e is 
the electronic charge. On our assumption that the crystal is uniformly 
illuminated, the fraction xjd cannot exceed the value A when averaged 
over all the electrons. This maximum is reached when (as has been 
realized in some cases) the electrons are able to traverse the whole 
crystal and thus all reach the anode. With diamond this can he realized 



L,|i|h| 0Z 1 

Fig. 1.4. — Apparatus for 
measuring the primary photo- 
electric current. 



Fig. 15-“- Primary current variations in an 
experiment with NaCl (after Pohl) 


for thicknesses not exceeding 1 mm. In such a case the crystal remains 
with a positive volume charge . If, on the other hand, x is of molecular 
order of magnitude, a polarization of the crystal remains. The crystal 
is now in a new physical state: it is *' activated or “ excited T This 
is manifested by the appearance of a new region of light absorption 
at the long- wave end of the normal band. The excitation can be de- 
stroyed by thermal agitation or by irradiation with light corresponding 
to the long- wave absorption region, the return to normal being accom- 
panied "by the re-entry of electrons or by the redistribution of electrons 
previously displaced. These charge displacements are observed at 
the electrometer as the so-called positive part of the primary current. 

Fig. lo shows the variations of current for a crystal which is a comparatively 
good insulator. Illumination begins at the time t x . A current immediately flows, 
its strength remaining practically constant during the period of illumination. 
This is the current produced by the migration of the electrons liberated by the 
photoelectric* effect. A slight falling-otf is due to a gradually increasing volume 
polarisation and the consequent weakening of the field At time t_> illumination 
ceases. The current falls nearly to zero, all that is observed being the replacement 
of the migrated electrons as a result of thermal ag it ait ion ill the circuit. In the 
(e no 7 ) 10 
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present example (XaCl at 33° C.) this is just perceptible. Heating or irradiation 
with longwave light (at time / 3 ) greatly accelerates this replacement. The current 
strength therefore rises markedly, only to sink gradually to zero as normal con- 
ditions are re-established. 

CtUDDE^ and Pohl also succeeded (1923) in demonstrating tlie 
parallelism between the electron displacements and the glow of phos- 
phorescent substances, their after-glow, and the increase of glow pro- 
duced by heating or irradiation with long- wave light, thus making a 
considerable advance on Lexaro’s interpretation of phosphorescence 
phenomena (p. 17-1). 

As has been shown by Hllsch and Pohl (1929), the photoelectric 
effect in potassium iodide, for example, does not result directly from 
the absorption of short-wave light. On the contrary, the immediate 

result is the formation of absorption centres 
(concentration about 10“ 6 ), which first exhibit 
the photoelectric effect. These centres give 
the salt a characteristic absorption spectrum, 
displaced in the longer wave-length direction 
relative to that of the normal salt. In silver 
bromide, for example, the centres correspond 
exactly to the latent image of photographic 
plates. According to recent investigations of 
Pohl and his co-workers, the particular state 
involved in these long-wave absorptions is 
mainly characterised hy loosely bound elec- 
trons. It is possible to introduce such electrons 
into the crystal in various ways and thus to 
produce the state associated with long-wave 
absorption. One way is by making an alkali 
metal diffuse into the crystal lattice; another 
is the introduction of electrons from a pointed cathode into the 
slightly heated crystal; or the electrons may be shot in as rapid 
cathode rays. Those electrons which are loosely hound in the 
crystal lattice can then Le liberated by light or heat and made to- 
migrate in the crystal under the influence of an electric field. Such 
a migration can be followed in a very striking manner by the spread 
of coloration through the crystal (fig. 16). 

The quantum equivalent law holds ver} 7 well in the long-wave 
absorption regions (fig. 17). Here the number of electrons is equal to 
the number of absorbed light quanta, whereas in the normal absorp- 
tion region of shorter wave-length the yield is much smaller. Such 
anomalously small yields indicate the occurrence of absorption pro- 
cesses which are not photoelectrically effective. 

Alkali halides coloured by means of neutral alkali atoms show a 
very marked selective effect (referred to incident light energy). This 



Fig. 16. — Visible migra- 
tion of a “swarm” of elec- 
trons in a KLBr-crystal. 
Natural size. (After Pohl.) 
Platinum electrodes fused on. 

[F rom Xaturzcissenschaften, 
193 3 (Springer, Berlin).] 
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seems to justify the assumption that the selective surface effect of 
alkali metal hi ms (p. lYl) is due to the absorption spectrum of the 
atoms adsorbed on the surface. 

The Secondary Current. — In addition to the phenomena discussed 
above, longer intensive illumination produces a current (the so-called 
secondary current) which varies in a complicated way with intensity 
and previous treatment. An appreciable time is required for this 
current to attain its full strength or to cLie away. The effect appears 
to be due to a diminution of resistance caused by disturbances of the 
crystal lattice following the extensive liberation, of electrons. The 
applied potential then causes the secondary current to flow through 



Fit?, i 7 . — Quantum yield in the internal photoelectric; effect of diamond 
x absorption curve from optical measurements, -f rounded-off values. (.After 
Guddt'n and Pobtl.) 

[From Muller-Pouillet, L,ehrbuchder Physik, 1 1, - 2 , II (Vieweg, Brunswick}.] 


the crystal. The strength of this current may in certain circumstances 
he much greater than that of the primary current. It is then the only 
photoelectric effect detected hy the less sensitive types of instruments. 
On account of the very complicated underlying processes, however, the 
laws of this conductivity change are still very little understood. 

The phenomena become even more complicated when there is an 
appreciable conductivity even in the dark, i.e. when the application of 
a potential produces a so-called dark current before illumination begins. 

In spite of these disadvantages, practical use is made of selenium 
and thallium sulphide cells, the latter consisting of a melt of thallium 
sulphide and oxide. They offer the possibility of obtaining compara- 
tively strong currents: and nowadays their disadvantages appear to 
have been so far overcome as to enable them to be used satisfactorily 
in practice for sound reproduction. 

The Blocking-layer Photoelectric Effect. — In the external photo- 
electric effect (as. e.g., in fig. IK, Yob UL, p. K1 2) a current flows even 
when no voltage is applied. The actual current observed depends on 
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the magnitude and direction of the contact potential differences arising 
at the electrodes. On the other hand, in the internal photoelectric 
effect (as. e.g.. in fig. 14, p. 129) no current is observed unless a potential 
difference is applied. Under certain circumstances, however, a current 
may be produced in the direction of illumination, even without the 
application of an auxiliary voltage. 

As early as 1876 Ad aims and Day discovered that an appreciable 
current was produced when a selenium cell was illuminated without 
a potential being applied. This effect can be well observed with the 
following apparatus. A piece of wire gauze (see fig. 18) is pressed upon 
a layer of cuprous oxide (Cu 2 0) produced by oxidizing the surface of 
a massive copper plate hy some means or other. The layer of oxide 
is illuminated through the gauze and a galvanometer is connected 
betAveen the gauze and the main copper plate. During illumination 


Wire gauze 

C* 2 0 

Cll 




If 



Fig. 1 8. — Blocking- layer photoelectric effect 


Fig. iq. — F ront wall blocking- 
layer photoelectric cell 


a current is observed (the direction of flow 7 being indicated in the figure). 
This arrangement has the further peculiarity that if a potential * is 
applied in the dark, a current will only flow in one sense, namely that 
corresponding to passage of electrons from the copper to the cuprous 
oxide. The interface between tlie copper and the cuprous oxide forms 
a so-called blocking; layer. Arrangements of this kind can be used as 
dry rectifiers. It can be shown that the electrons liberated in the 
cuprous oxide pass through the blocking layer, thereby giving rise to 
the photoelectric current (so-called blocking -layer photoelectric effect). 
On account of the relatively large currents produced (see Table XIII) 


Table XIII. — Sensitiveness or Photoelectric Cells 


1 Cell 

|- 

Photoelectric current in 1 O' 10 ampere per lux: 
of incident li^lit. energy 

1 

1 Potassium, vacuum type 
Potassium, gas-filled type 
Ploeking- layer type 

Witlumt applied 
potential 

With lOU volts applied 

0-1 

0-1 

500—5000 

l 

3 

86 


and the absence of initial inertia, this effect has become of great prac- 
tical importance. Types of cell in which the light has to penetrate 

* Up to a few volts. 
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tlirough the cuprous oxide before reaching the blocking layer are 
known as hack-wall cells.* Fig. 19 shows a different apparatus, the 
so-called front- wall cell,'f* which 
has a thin transparent film of 
copper deposited upon a more 
massive cuprous oxide layer. Here 
the upper blocking layer is effec- 
tive, since the strong absorption 
in the oxide prevents the light 
from reaching the lower oxide- 
metal interface. 


Curves of the spectral distribution 
of sensitivity are shown in fig. 20. 
Instead of cuprous oxide, amorphous 
selenium is sometimes used as the 
sensitive material. 

Taking the limit of current detect- 
able bv an electrometer as about 10~ ls 



Fig. 20- 


-Spectrral distribution of sensitivity 
for blocking-layer cells 

Continuous curve, cuprous oxide cell referred 
to uniform spectral distribution of energy- Ootted 
curve, selenium cell illuminated by tungsten arc 
_ . . <not referred to uniform spectral energy distri- 

ampere, the minimum. light intensity bution). 
which can be detected by a photo-cell 

turns nut as about 3 X 10“ 15 calories per sec. per sq.cm. Thus the sensitiveness 
equals that of the eye. By the adoption of certain artifices (working near the 
conditions for spontaneous discharge) this sensitiveness may be increased about 
30 times, or even 10,000 times, if an arrangement similar to a Geiger counter { 
is used (limit of detection about 2 X 10” 19 ) cal. per sec. per cm. 2 ). 

Blocking-layer photoelectric cells enable light energy to he directly trans- 
formed into electrical energy. The yield is too small for practical purposes, but 
with a good cuprous oxide cell of area 50 sq. era. it is possible to drive a toy electric 
motor by ordinary sunlight. 


3. The Photoelectric Effect in. the X-ray Region 

As is shown by tig. 7. p. 111. the intensity of the photoelectric 
effect increases as the wave-length is made shorter. It is still observed 
in the X-ray region (compare p. 54). 



Pig. 2 . i I>iagram of apparatus for i nv estimating the* velocities 
of photo- elect runs by the magnetic deflection method 


* CJer. llinti nratnlzf Ih n. f tier*. Vnrrh ru'arulzt /// 

X The mode of action is like. 1 that of the tieiuer counter (see Voh III, p. 33 1), but 
the point is rephu-ed by a stretched wire. 
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Velocity of the Photo-electrons. — The velocity of the photo -electrons 
liberated Ly X-rays is "best investigated "by the magnetic method (p. 44), 
which permits direct photographic recording of the velocity distri- 
bution. The cloud-chamber and the retarding potential methods are 
also applicable. 



Fig. 22. — Magnetic spectrum of photo- electrons from gold 
(Incident radiation mainly Mo Kot, X = 0-71 A.) 

[From Handbuch der Physik , Vol. XXIII, 2, (Springer, Berlin)-] 


Photographic Recording "by the Magnetic Method . — Fig. 21 shows the principle 
of an apparatus for this purpose. The X-rays are incident upon the material at Q, 
the specimen being in the form of a narrow strip (see the smaller diagram 21a). 
The photo- electrons pass through a slit S and are brought down upon, a photo- 
graphic plate by means of a magnetic field. A linear trace is obtained for each 
different Telocity. The whole apparatus is in a vacuum. By suitable adjustment 
of the position of the plate it is possible to get a certain focussing effect, electrons 
of a given velocity but slightly different initial direction being concentrated again 



Fig* 23. — Photo-electron tracks in argon, produced by monochromatic X-ray irradiation 
(Ag-IC) (after Kirchner) 

[From Handbuch der Expenmentalphysik , Vol. XXIV, x (Akademische Verlagsgesellschnft, Leipzig).] 


into one line on the plate. An example of a record is given in fig. 22. For a dis* 
mission of it, see below. 

Direct visual information is given by the cloud-chamber method. 
Fig. 23 shows a photograph of the photoelectric effect produced by 
monochromatic X-rays (A — 0-56 A.) in argon. We see that the elec- 
trons nearly all have the same range and hence, by p. 42, the same 
initial velocity. This can he deduced directly from stereoscopic photo- 
graphs. The measurements prove that the equation 

eXJ --- hv — 2 } 
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Folds satisfactorily' for the velocity of the photo-electrons liberated by 
X-ravs from a solid or a gas. 

A.s regards the value of jp , measurements have shown that it is 
equal to where v c is the frequency of the absorption edge of the 
characteristic radiation of the element in question (p. 78). If r,- is the 
frequency of the incident X-rays, we therefore have 

\iHr- = e\J = hvi — Jiv c ~ 

For example, the following groups of electrons can. be seen in fig. 22, p. 134: 

1. Jv,. - An E III. 4. kv t ~ — An Mlir. 

2. 7 \ - An MI. 5. kv] — An M IV V. 

3. — Au Mil. 6. h V,- — An X, 0. 

Thus in these cases the photoelectric phenomenon is to be regarded as the taking 

up by the atom concerned of a quantity of energy corresponding to the absoxp- 


t 


Fig. 24 

Figs- 24, 25, 26. — Cloud-track photographs of the ordinary photoelectric 
emission and the characteristic emission of electrons in krypton under the 
influence of X-rays of different frequencies. (Fig. 24., 14,000 volts; fig. 25, 

20,000 volts; fig. aC>, 28,000 volts.) 

tion edge of the Tv, L, or XI series, the balance of the energy originally contained 
in tlie incident qiuiiitinn giving the photo -electron its kinetic energy (and negli- 
gible potential energy). 

Auutcr (192(*>) was, however, able to show that in certain circum- 
stances the initially-absorbed part of the energy may also reappear 
as the energy of a photo-electron. In such cases two electrons art* 
expelled simultaneously from the same atom. One of these possesses 
a quite definite energy determined by the nature of the atom con- 
cerned and equal to the energy of an absorption edge. This energy is 
independent- of the frequency of the incident X-rays, provided only 
that this is high enough to exceed that of an absorption edge of the 
atom — especially the K-edge. This kind of electron ejection on irradia- 
tion is ealled characteristic electron emission. Oil the other hand, the 
other electron sinnilta neouslv ejected merelv has the excess energy 

(*v-a v ). 
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This is well brought out by figs. 24, 25, and 26, which show the photoelectric 
effect produced in krypton by X-rays of different frequencies (here expressed 
in terms of the exciting potential). In fig. 24 the incident radiation corresponds 
mainly to the K absorption edge of krypton (14,000 electron-volts). Hence 
practically the only electron emission is the characteristic emission (electron 
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tracks about 2 cm. long). There is no energy left over for an ordinary photo- 
el eetron. In fig. 25 the X-rays are produced with a potential of 20,000 volts, so 
that the excess of energy over that of the KL-edge is now about 6000 electron-volts. 
In the middle of the figure we can see the additional track of a photo- electron 
ejected with this energy. This track appears as a shorter companion to the 
characteristic electron track of the same length as in fig. 24. In fig. 26 the excess 
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energy of the incident quantum over the energy of the absorption edge is 14,000 
electron-volts. Loth types of emitted electron now have the same energy. This 
is c-learly evident from the equal lengths of the tracks in each pair. 

As regards the directional distribution of the photo-electrons, it 
has been found that (in accordance with the transverse nature of the 
electric vector of the incident waves) the emission is mainly at right 
angles to the direction of irradiation, with a certain preference for the 
forward direction (see fig. 27). 
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For further details about the recoil electrons , which predominate 
more and more as the incident wave-length is made shorter and which 
are emitted mainly in the direction of the incident radiation, see pp. 55 
and 237. 


B. Excitation of Light Emission hxt Collision 
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Fig. 


4. Emission of Light due to Bombardment with Electrons 

The converse of the photoelectric effect is also known, namely, 
the transference of the kinetic energy of an electron to an atom and 
the consequent emission of light by the latter. As has already heen 
explained on p. 49, no appreciable energy exchange occurs when 
electrons with velocities below a certain minimum collide with the 
atoms of gases which have low electron affinities 
(p. 53). Accordingly, no emission of light is observed 
in these cases (see below); for by fundamental energy 
principles such an emission cannot occur unless that 
energy is transferred to the gas. The experiments 
referred to on p. 51 show that such a transference 
does actually take place at higher electron velocities, 
and then the gas is caused to emit light, as in the 
well-known glow of discharge tubes. 

It has been found that the spectral constitution 
of the emitted light varies with the amount of energy 
transferred. This follows in particular from obser- 
vations of Lexard and Stark on the emission from flames and arcs as 
well as from discharges in gases. A further discussion of these results 
will follow later (p. 221). Both observers found a marked variation 
of the spectral constitution of the emitted light with the energy of 
excitation. Gehrke and Seerighr (1912) were the first to investigate 
more closely the emission of light due to excitation by electrons 
of definite velocities. They obtained the important result that no 
emission occurs below a certain electron velocity. This shows that 
in the excitation the deciding factor is the energy of each individual 
electron and that as a rule a deficiency in this individual energy cannot- 
be compensated by the accumulated energies of larger numbers of 
electrons. This is the analogue of Leonard's result for the photo- 
electric* effect, namely, that the intensity of the light has no effect on 
the energy of the photo-electrons. Hat (1914) was further able to show 
that different electron velocities are necessary for the excitation of 
different spectrum lines in Ho— o.g. within a series (p. 182) the lines 
of shorter wave-length appear at higher electron velocities. The 
quantitative relationship was first established by Franck: and Hertz 
in 1414. They found that at the minimum electron velocity (4*9 volts) 
at which energy is transferred to the atoms in mercury vapour, the 


27. — Direc- 
tional distribution of 
photo- electrons from. 
CHCIj relative to 
direction of incident 
beam (after Hot he I 
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light emitted proves on spectral examination to be monochromatic 
(wave-length 2537 A., frequency 1T83 X 10 15 sec.^ 1 ). Ia the experi- 
mental investigation it is necessary to exclude the possibility of mul- 
tiple collisions occurring to an appreciable extent, i.e. an atom which 
has already taken up energy from an electron must not be allowed to 
collide with another electron. This can be done by using the least 

possible concentration of gas and 
electrons. 

Fig. 28 shows the changes which 
occur in the emission spectrum of 
mercury as the electron energy 
is increased. We see that this 
increase in energy causes the 
appearance of more and more lines, 
some of longer wave-length and 
some of shorter wave-length than 
those already excited. 

The great significance of these 
experiments lies in the following re- 
markable relationship. The energy 
of the incident electron (4*9 volts) 
is found to be equal (within the 
limits of error) to hv , where v is 
the frequency of the emitted 
spectrum line (2537 A.) and h is 
the constant (PiiAXCk’s quantum 
of action 6*55 X 10~ 27 erg see.). 
Thus we have 

eJJ = hv. 

In our particular case: 5*55 X 10 -27 (erg sec.) X 1*18 X 10 15 (sec-.* -1 ) 
= 7-75 X 10~ 12 erg, and 1*59 X 10~ 19 (coulomb) X 4-9 (volts) = 7-8 x 
10~ 19 (watt-sec.) = 7*8 X 10 -12 erg. 

This relationship has been found to hold for a number of spectral 
lines, which (for a reason to be discussed later (p. 155)) are called 
resonance lines. An energy of at 7 east eU ~ hv is required to excite 
the emission of a spectral line of frequency v. 

As can he seen from fig. 28. however, it does not follow that every 
line of frequency v appears when the energy hv is transferred to the 
atom. This happens only for the resonance lines; fox the remaining 
lines a greater energy is necessary. Thus, e.g., the new lilies appearing 
in the right-hand spectrum of tig. 28 require an electron energy of over 
9 volts, although their hv values are actually much smaller than that 
of the resonance line of higher frequency which is excited at 4- 9 volts. 
This curious behaviour is of fundamental importance for our know- 



Fig. 2 S. — Spectra showing 1 that 
bombarding electrons must possess 
a certain minimum energ-y in order 
to excite lines. 

[From H. Hertz, Zeitschrijt f . 
Physik, i 924.3 
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ledge of the connexion between the energy changes of atoms accom- 
panying emission of light. The more detailed discussion which follows 
on p. 176 will bring out the simple relationships involved. 

Mention may be made here of a method, applied by Franck and Exxsroiesr, 
in which the appearance of new lines in. the ultra-violet during the excitation of 
mercury' vapour by electrons is detected by means of the photoelectric effect 
produced in an auxiliary iron electrode. As rhe electron velocity is gradually 
increased, sudden discontinuities occur in this photoelectric effect. These are 
due to sudden increases of photoelectric current resulting from increases in the 
ultra-violet intensity (in general caused by the appearance of new emission lines 
of mercury (see fig. 36, p. 52) }. It has been found that the potentials at which these 
new lines appear bear a close relationship to the energy states of the mercury 
atom. 

The Excitation Enaction. — The number of collisions of an electron 
with a gas molecule under given conditions can be calculated from the 
kinetic theory. Hence, by measur- 
ing the electron current and the 
amount of light produced, it is 
possible to evaluate the fraction of 
the collisions which are fruitful in 
exciting emission. Measurements 
of this kind carried out hy Haxle 
and Schaffernicht give the result 
that only a few per cent of the 
calculated gas - kinetic collisions 
actually lead to emission. The 
yield varies very much with the 
velocity of the electrons used. The 
form of the function (the so-called excitation function) is as shown 
in tig. 29. 



F*ig. 2Q- — Excitation functions for two 
mercury lines (after SchatTernichO 


C. Temperature Radiatiom 

5. Radiation Equilibrium 

The emission of light may occur as a consequence, not only of the 
impact of electrons, but also of collisions with other atoms or mole- 
cules. This is shown very clearly by the glow of the rapidly flying 
atoms in canal or positive rays (Yol. HI. p. 340). and especially l>v 
the emission of light from bodies at high temperatures. In the latter 
case the statistical distribution of the atomic* or molecular energies 
(Yol. IT. p. 10) gives rise to special regularities, which have proved to 
lurv a divisive bearing on the theory of light emission. TYe shall 
therefore proceed to discuss them in greater detail. 

Coefficients of Reflection, Absorption, and Transmission. — AYlien 
radiant energy falls on a body, it is in general divided up into three 
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parts: one part is reflected at the surface of the body, the second 
penetrates into the interior of the body and is absorbed there, -while 
tlie third is transmitted by the body. If we call these three parts re- 
spectively R, A, and T and take the total incident energy as unity, 
we must have 

E+AtT = 1. 

R is called the coefficient of reflection, A the coefficient of absorp- 
tion, and T the coefficient of transmission of the body. The actual 
values depend on the substance in question and the physical condition 
of the surface, as well as upon the wave-length of the incident radiation. 

For polished metals the coefficient of reflection is in general very high. Thus, 
e.g., it may be as high as 0*98 for polished silver mirrors* i.e. 98 per cent of the 
total incident energy may under certain circumstances be reflected back. The 
coefficient of transmission of metals is very low: metals, even in relatively thin 
layers, are practically opaque to all wave-lengths. Bodies which are transparent 
in the usual sense of the word have a high coefficient of transmission for the visible 
region of the spectrum. They may, however, be quite opaque to certain aon- 
visible regions. For example* many kinds of glass in layers of 1 cm. thickness let 
through up to 70 per cent of all normally incident radiant energy of visible wave- 
lengths, but are almost entirely opaque for the ultra-violet and the infra-red. 
The coefficient of absorption in the visible region is high for all dark- coloured 
bodies. Thus even a very thin layer of lamp-black absorbs practically the whole 
of the visible light incident upon it. 

We can imagine a body which absorbs the whole of the radiant 
energy falling upon it, reflecting none and transmitting none. Such 
a body would necessarily appear black , both by reflection and by trans- 
mission. Such a body, which absorbs all the radiant energy which 
falls on it, may be referred to as a perfectly-black body. 

The absorption of radiation means that the energy incident upon 
the body in question is transformed into internal heat energy. This 
must cause a rise in the temperature of the absorbing body, which 
may be used to measure the quantity of energy absorbed. 

By taking as black an absorbing body as possible, the quantity of 
incident energy can be measured in this way. A blackened thermo- 
meter or a suitable thermo -element may be used. 

Radiation Equilibrium. — If the temperature of a body exceeds that 
of its surroundings, a process of temperature equalization sets in 
spontaneously. When the body is surrounded by material substances, 
the processes of convection (motion of large quantities of matter) and 
conduction (transmission of energy from molecule to molecule) play 
important parts. The process of temperature equalization persists, 
however, even when the body is placed in a perfect vacuum and is 
supported in such a way that conduction is negligible. The rate of 
equalization of temperature depends, other things being equal, upon 
the size of the body and the nature of its surface (see p. 151 , also 
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Vol. II, p. 179). The transference of energy is brought about by electro- 
magnetic waves. These usually have a relatively long wave-length; 
only when the temperature is very high do they extend into the visible 
region. Such an equalization of temperature is said to take place by 

heat radiation. 

Let us imagine that the radiating body, which for the sake of sim- 
plicity we take to be spherical and homogeneous, is enclosed in an 
evacuated space bounded on all sides by a shell made of a substance 
opaque to the radiation. Then the electromagnetic waves passing out 
from the body must strike the shell and give up their energy to it 
either wholly or partially, i.e. the shell is heated up. At the same time 
the shell radiates its heat into the interior in the form of electromagnetic 
waves, some of which fall on the hotly. After a certain time has elapsed 
the body will have attained the same temperature as the shell, and 
from that point onwards the quantity of energy radiated (emitted) 
by the body in unit time will remain equal to the quantity received and 
taken up (absorbed) by it in unit time from the shell. 

No matter what the material of the body or the physical state of 
its surface, the temperature equilibrium is determined by the fact that 
the quantity of radiant energy emitted by the body in unit ti m e is 
equal to the amount absorbed by it in unit time. Thus te m perature 
equilibrium is to he regarded not as a static condition, but as one 
involving a dynamic exchange of energy between the body and its 
surroundings. 5 * 

If the body in the enclosure is perfectly-black in the sense defined 
above, it will absorb the whole of the radiant energy Incident upon it 
and will transform this radiant energy into thermal energy of its 
own atoms and molecules. If we take the total quantity of incident 
radiation as unity, we see that the coefficients of reflection It and 
transmission T are zero, while the coefficient of absorption A is unitv. 

The quantity of radiant energy emitted by the body per unit time 
(its intensity of emission) depends on its temperature. It is also different 
for different wave-length regions. Hence the quant it v of energy 
absorbed per unit of time must also depend on the same factors; for 
in the ease under discussion it is equal to the quantity emitted in unit 
time. 

Let us now imagine the perfect ly -black body replaced Lv some 
other body. e.g. a sphere with a coloured surface. This new body 
absorbs only a definite fraction of the energy incident upon it. Suppose 
that its coefficient of absorption is a , where a < 1. Then since this 
body also assumes a constant temperature when placed in the en- 
closure. it follows that at equilibrium the quantities of energy emitted 
and absorbed in a given time must again be equal. This must he true 

* This vkMV ' vaa tirst put forward by Fkjevoht (1787-1855), a French ^eolouist. 
lt is often referred to as Provost's thvury aj * jrchamjt 
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for every vave -length, i.e. in radiation equilibrium a body emits pre- 
cisely the same radiation as it absorbs. 

This is only true on the assumption that the "whole of the energy absorbed by 
the body is transformed into kinetic vibrational energy of its molecules, i.e. 
into thermal energy, and that the source of the radiation emitted by the body 
is this inherent thermal energy of its molecules. Radiation for which this is the 
case will be referred to in future as temperature radiation- If any part of the 
absorbed, energy is transformed into some other form of energy, or if the emitted 
radiation lias its source in some form other than heat (e.g. if chemical energy 
plays a part in either process), then the above considerations are no longer valid. 

6. Kirchhoff’s Law of Emission and Absorption 

Consider a perfectly- black body at the centre of an evacuated 
enclosure bounded by perfectly-black walls. Let heat energy be sup- 
plied continuously to the body and removed continuously from the 
walls of the enclosure, so that in spite of their mutual exchange of 
energy by radiation their respective temperatures T and T 0 remain 
constant. We may imagine, for example, that there is a spiral of plati- 
num wire heated by an electric current in the interior of the body, 
while the whole enclosure is surrounded by a water-bath at constant 
temperature. 

The temperature T of the body at the centre of the enclosure being 
higher than T 0 , that of the walls, the quantity of energy radiated by 
the body and absorbed by the walls of the enclosure must be greater 
than that radiated from the walls and absorbed by the body in the 
same time. Let Ed7A be the quantity of energy emitted by the "body in 
unit time in the wave-length region between A and A -f- dX and A its 
coefficient of absorption. Then E/A = F is a function of A, the wave- 
length emitted, and the temperatures T and T a . We may accordingly 
write 

F(A, T. T„). 

In the case of a perfectly-black body the whole of the incident radiation 
is absorbed; thus we have A = 1, and the equation takes the simpler 
form 

E = F(A, T, T 0 ). 

We may simplify it still further by supposing the temperature of the 
walls of the enclosure to he the absolute 2 ero. Then 

E = F(A„T). 

We now imagine the black body replaced by some other body 
which absorbs only a fraction of the radiant energy incident upon it. 
Everything else we leave as before, arranging that the temperature 
of the body is maintained at T and that of the container at the absolute 
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zero. If e is the quantity of energy emitted per unit of time, and a 
the coefficient of absorption, we have 


e 

a 


= /l K T). 


Similarly, for any other body we have 

J =/i(*. T). 

a i 

Kirchhoff showed theoretically in 1859 and 18G2 that the func- 
tions f aiul f\ must be identical with one another, and hence also 
identical with F for the perfect lv-black body. 

This is KirchhofTs law of the emission and absorption of tem- 
perature radiation: 

£ -- — E. 

cl a 1 


In words: The ratio of the amount of energy radiated per unit of time to 
the fraction of the incident energy absorbed is the same f unction of the wave- 
length and the absolute temperature for all bodies . and is equal to the amount 
of energy radiated in unit time by a perfectly -black body under the same 
conditions. 


KLirchiioff’s law depends on the second fundamental law of thermodynamics. 
It may be easily proved in a- particular case. Imagine two plates, made of sub- 
stances with respective intensities of emission e and bq (as above) and coefficients 
of absorption a and so placed that all the radiation sent out by the one plate 
is incident upon the other. If the temperature is initially the same for both, 
then by the second law of thermodynamics this equality of temperature must 
persist; neither plate can become heated up at the expense of the other. Xow 
in unit time the first plate radiates a quantity e of energy to the second, which 
absorbs the fraction. u,e and reflects back the rest e{ 1 — u,). This rethvted part 
a ora in falls on the first plate, which absorbs the fraction t(l — n x )u and reflects 
the residue t ( L — 1 — a). This last part agrain falls on the second plate, and 

the processes i >f partial reflection and partial absorption are repeated. The total 
quantity of energy mdiuted from the tirst plate to the second and absorbed by 
the second in these processes is therefore 


— fh)(l — «) ‘"id — oJ\\ — <t)~ ■ , “ , , , , , ’ y 

1 V 1 ■ ■ 'M 'O — " ) 

Again, the second plate radiates the quantity fq of energy to t he tirst, which simi- 
larly absorbs the quantity 

f i" 

1 — ( 1 — f/j)(l - r/)' 

Tlie (quantity reflected by the tirst plate is therefore 



1 1 — <1 n x Hi — u) 9 

and this must he the quantity of its own radiation which is absorbed by tin* 
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second plate in the backward and forward reflection process. The total amount 
absorbed by the second plate is therefore 

1- (1 - o)(l - a x ; + 6l ~ 1 -- (I - o)(l - «!)' 

Now in order that the temperature of the plate may remain constant, the quanti- 
ties of energy absorbed and emitted must be equal. Therefore 

i - (i - «xi — <o i - (i - «)fi — «i> ei ~~ ei> 

ea 1 — e-pi 
& e x 

CL (Z L 

Deductions. — We transform the above equation Tby writing 
e(X 9 T) = a(\ } T)E(A, T). 

Since a(A, T) is certainly less than unity, it follows that: 

The intensity of emission from a perfectly-black body is greater than 
that from any other body . 

Hence if we determine the values of E for any body and plot them 
against the wave-length, the curve obtained must lie entirely within 
the corresponding curve for a perfectly-black body. 

Again, we may write the equation in the transposed form 

a(\, T) = e(\ T)/E(A, T). 

If we confine our attention to one particular wave-length, this reduces 
to 

a(T) = e{ T)/E(T), 

from which it follows that to every finite value of a which is not zero 
there must correspond a finite value of e which is not zero. The case 
E — 0 is excluded, because the intensity of emission of a perfectly- 
black body is always greater than that of any other body; and the 
case E = oo is also excluded, because with a finite supply of heat the 
rate of emission can never become infinite. We therefore make the 
following deduction: 

In pure temperature radiation every body absorbs those wave-lengths 
which it emits at the temperature in question . 

7. The Law of Black-body Radiation 

Even the simplest observations (say upon an incandescent lamp lit 
by different currents) show that with increase of temperature there is 
an increase in the rate of emission of radiation and at the same time 
a change of colour in the direction of less redness or greater blueness. 


whence 

or 
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A great deal of effort has been expended, both, from the experimental 
and the theoretical side, in formulating the laws underlying these 
changes. It may be remarked in advance that these laws only apply 
to radiation into a vacuum. If the radiator is surrounded by a medium 
of refractive index n, it is necessary (as Kirchhoff has shown) to 
introduce the factor n 2 . 

The Stefan-Boltzmann Law.— Stefan * was the first to succeed in 
formulating a law (1878). This was later (1884) deduced theoretically 
by Boltzma osn j~ and recognized as applicable to perfeetly-black bodies 
only. The Stefan-Boltzmann law is as follows: 

The total rate of radiation from a perfectly -black body is proportional 
to the fourth power of the absolute temperature. Thus at the absolute 
temperature T each unit of area of the surface of a perfeetly-black 
body radiates towards one side (into a solid angle of 27 r) in each 
second the total energy S, which is given by the equation 

S = o-Th 

where <x is a constant. 

The accurate observations of Lxxvimeb arid Prixgsheim (1S97) and Kurlixoi 
(18t)S) shoved that this law is actually in complete agreement with the best 
experimental data for a perfectly -black body. With a possible error of a fexv 
per cent, cr — a- 77 >: U) — 5 ery^ cm. -2 see. -1 degree -4 = 5-77 :< 10 — 12 watt cm. - 2 
degree -4 — 1*378 X 10 — 12 cal. cm. -2 sec*. -1 degree -4 . 

Realization of the Perfectly -black Body, — AVe consider a space 
entirely bounded by walls which are all at the same temperature and 
all impervious to radiation. Kirchhoff pointed 
out that every beam of radiation within such a 
hollow enclosure must be identical with that 
which would be emitted by a perfectly-blaek 
body at the same temperature. Thus the 
radiation of the enclosure is independent of 
the nature and shape of the bodies bounding 
it and is determined solely by the temperature. 

Hence the radiation of an ideal black body can . , . , 

he imitated to any desired degree of approxi- 
mation by utilizing a canistunt -temperature enclosure with a small 
hob 1 through which a beam of radiation, can emerge. 

FT- 30 represents such an enclosure, which may he made. e.g. „of metal coated 
inside* with some good nbsi >rbing material such as lamp- blank, platinum black, or 
the like. The small a pert u rc is at ( >. We now consider a beam of rad ia t ion. from 
outside whicli passes in through this aperture. It falls on the inner side of the 
vail it t A and is there to a large extent absorbed. A certain fraetion. however, 

* d. Stkk.an ( 1 1 S!KJ) , Professor of Physics at Vienna. 

t Lrnw in lkn/r/MANN ( 1S44- UMlfi), ihh* < if the* founders of the kinetic theory of 
trascs. He was a professor of t hen ret ical physics, notable at Vienna. 

( k ur>: ) i 
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is reflected and strikes the inner side of the wall again. Here a further large 
fraction is absorbed, but some is again reflected, only to strike the inner side of 
the wall farther on. Thus the beam is many times reflected before any fraction 
of it can reach the opening again; and by then this fraction, is so small as to be 
negligible. Thus the enclosure acts as a perfect absorber, i.e. as a perfectly-black 
body. 

The difference between the blackness of such a chamber and the ordinary 
blackness of a blackened surface can be well seen by painting a cigar box inside 
and out with black paint and then making a hole in the side of the otherwise 
completely closed box. The hole looks much blacker than the outer surface. 



Fig. 3i.- — Radiation isorhermals for a perfectly-black body 


In order to realize a perfectly- black body Lxjmmer and pEiKosurm used 
double-walled vessels, keeping the space between the walls at constant temperature 
by tilling it with steam, ice, liquid air, or some other substance. For higher tem- 
peratures they used an internally-blackened porcelain tube heated in an electric 
furnace, or alternatively a tube made of carbon which could be heated directly 
up to 2300' C\ by passing an electric current through its walls. In all their 
experiments they found the Ste fax - Bo ltzw an x law to be in complete agree- 
ment with observation. 

Jn all radiation measurements it must be remembered that the receiver is 
emitting radiation as well as the original radiator. JHen.ee the temperature of the 
receiver must also he known and the corresponding radiation subtracted from 
that which is to be measured. For example, if the original radiator has the 
absolute temperature T and the receiver Has the absolute temperature T, then 
in applying the STEFAxdfoLTOiAxx law we must write 

S = o(T — T' 4 ). 
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Results of Investigations on Perfeetly-blaek Bodies. — There are 
two ways in which we may investigate the relationship between tem- 
perature and intensity of emission over the wave-length region from 
A to (A 4- d A). The first is to keep the temperature of the mediator 
constant, and to determine the value of E for each wave-length in 
turn. This gives the so-called radiation isothermal — see figs. 31 and 32 
— for the temperature in question. Alternatively we may confine our 
attention to one wave-length and make a series of 
measurements for different temperatures. This gives 
a so-called isocJiromatic curve — see fig. 33. 

The area included beneath any particular iso- 
thermal of fig. 31 represents the total intensity of 
emission 8. We see that this increases very rapidly 
with rise of temperature, in accordance with the 
Stefax-Bo LTzn^ T ^ T law. We see further that the 
maximum is displaced towards shorter wave-lengths 
with rise of temperature. 
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Pig- 32. — Radiation isothermals t'ur 
incandescent pi at inuni 
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33. — 1 achromatic curves for a perfectly - 
black body 


The t heoretical explanation t >f tlio relationships expressed in fitr. 31 presented 
very irreat difficulties, the origin <>f which is now known to lie in the inapplica- 
bility of so-called classical electrixl vn amirs (i.c. the theory of Faiuiiay and 
.Maxwkli.. whirl) holds for inai-n )sen pie fields) to t lit' processes of emission and 
absorption of lioht. From the historical point of view it is of i:reat interest to 
note that it was Pn.VNcic's t heoretiea I treatment of black-body radiation ( 1<)(><)) 
which led to tht' discovery of a qua nt it at ive theory of tlie special phenomena, 
which arise in the internet ion of matter and radiation. 


Wien's Displacement Law. — In liSD3 W. Wien * succeeded in 

* W'ilhklm Wien ( lS{i4-ltrj.S}, professor at Wurzburg and (from 1920 onwards) at 
Munich , received the Nohti Prize in l !) H . 
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obtaining an important partial solution of the problem oil the basis 
of classical theory. He deduced that the wave-length of maximum 
intensity of emission E of a black body is inversely proportional to the 
absolute temperature . 

We may write this 

A max T= constant = 0-2884 cm. degree 
= 28S4p, degree. 

Thus, as is shown in fig. 31, the maximum is displaced in the direction of 
shorter wave-length with rise of temperature. It first comes into the visible region 
at about 3800° a lbs., for which = 760ng. 

The intensity of emission at the maximum can be obtained by 
combining the Stefan- Boltzmann law with Wien’s displacement 
law. This gives 

E max = constant X T 5 

= 2-08 X 10~ 5 T 5 erg cm.- 3 sec. -1 
= 0*497 X 10“ 12 T 5 cal cm ~ 3 sec.” 1 . 

Thus whereas the total intensity of emission S increases with the 
fourth power of the temperature, the intensity E max at the maximum 
of the isothermal curve increases with the fifth power of the tempera- 
ture. There is also a simultaneous shift of the maximum towards 
shorter wave-lengths. 

Planck's Radiation Law, — In 1900 Planck found the following 
analytical expression for the quantity of energy T A dX radiated per 
second from unit area of the surface of a black body (i.e. into the solid 
angle 2?r): 

d~X = c x —= . d~X. 

— 1 

Here E A dA is that part of the total radiation which corresponds to 
wave-lengths between A and A -f- (7 A. The constant has the value 
£>*S8 x 10' 6 erg cm. 2 sec.' 1 = 0*140 X 10 _v2 cal. cm. 2 sec.^ 1 for plane 
polarized light. Tor ordinary light (the ease usually observed) the value 
is twice as great. The value of c 2 is 1*43 cm. degree. 

Both the Stefan- Boltzmann law and the Wien displacement law 
can be derived immediately from Planck's expression, the former by 
integration (S = JTC A dA) and the latter from the condition that b\ 
shall 1)0 a maximum. 

The term — 1 in t ho denominator of Planck’s formula can ho neglected when 
y.T is small (in the visible region u]) tt > about. 3000' ). The equation thus obtained 
liad previously been deduced by on the classical theory. It is, ns we see, 

a limiting ease of Planck's equation, whieli covers all eases. The simplified 
equation may also be written in the form io^hh — a - — (b T). Fig. 34 .shows a 
graph of results obtained by Lvmmer. The linear relationship between logE and 
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the reciprocal of T, required by the theory, is satisfactorily fullilled. Such lines 
arc called logarithmic isochroma tie curves. 

The theoretical derivation of Planck's radiation formula shows that the 
constants r t and r., bear simple relationships to other natural constants. The 
train of thought underlying the proof is somewhat as folk >ws. According to 
classical views, the emission ( >f an electromagnetic wave is due to the non-uniform 
motion of electric charges ( Vol. XII, p. <42:2). If we take the simplest ease of one 
positive charge and one negative charge (forming a dipole (Vol. III. p. 1*9)), an 
oscillation of these charges relative to one another will give rise to the emission 
of an electromagnetic* wave of the same frequency. A env atoms may be regarded 
as systems capable of performing such oscillations — so-called oscillators: for in 
consequence of their masses and the electrical forces holding them together they 
have a certain natural frequency associated with them. The amplitude and 
frequency of the oscillations, however, are functions of the temperature. If we 
confine our attention to pure tem- 
perature radiation {i.e. if we exclude 
all other sources of energy), the whole 
of the energy emitted by the atomic 
oscillators must be derived from their 
thermal motions. Similarly, all the 
radiation they absorb is eventually 
transformed Into thermal energy. 

Since the oscillators are able to 
transform radiation into heat and 
vice versa, a certain state of equi- 
librium will be attained when radiation 
and matter are allowed to interact. 

Radiation in equilibrium with any 
perfectly- black body is called black- 
body radiation. In such radiation the 
energy is distributed in quite a definite 
way throughout the spectrum, or (in 
other words) amongst the different 
frequencies v. For the radiation of 
frequency is in equilibrium with 
oscillators of frequency vp these in 
turn are in equilibrium with other oscillators of frequency v 2 through the electric 
fields in t he interior of t he matter, and these finally are in equilibrium with radi- 
ation of frequency v._>. Hence there must be a perfectly definite equilibrium 
between t he* rat lint ions of frequencies 'q and v 2 . 

According to the theorem < >f the eqtiipn rt it inn of energy which we have pre- 
viously mentioned in Vol. 11. p. 40 and repeatedly used, tilt* thermal energy 
(in thermodynamical equilibrium) must be* equally distributed among all the 
mut null y-independent parameters of state of which the* energy is a quadratic 
function. The frequencies of the oscillators and the radiation arc obviously 
parameters of this description (Vol. Ik p. 44): for t\u> oscillations of different 
frequencies a rc quite indepei ident of one another and flic radiation < 4 the one* 
frequency cannot he directly transformed into radiation of the <>t her freq ueiiey . 
Radiation of one particular frequency interacts only w ith oscillators of t lie same 
frequency. Hence according to tin* theorem < »f the eqi lipa rt it i<>n of energy w c 
should expect the* mean energy of each oscillator t c » be the same, and also the 
mean energy of each “individual radiation" present in the ldaek -hot ly r;\t lint ion 
to be tilt 1 smile. <>f course this assumes that ve have snlved tlic problem of h< i\v 
n definite number ot parameter's are tt » be ascribed to the radiation as a number 
ot use ill f i t ors are ascribed to the hotly. Ail energy dist ribut i on of the above kind 


lo.g J3 



Fig 34..— Logarithmic isochromatic curve 
the visible region 
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is the inevitable deduction from the ^Iaxwell-Boltzmann theorem of <s classical ” 
thermodynamics. Xow there can be no doubt that in. actual fact this theorem 
is inapplicable. For the number of oscillators of independent frequencies in a 
perfectly- black body, like the number of the frequencies themselves, has no upper 
limit. Again, the number of different “ individual radiations 59 is unlimited. A 
given quantity of energy cannot be equally distributed in a finite manner among 
this infinite array of different “ individual radiations ” and their parameters. 
If the theorem of equipartition of energy were actually valid without restriction 
for oscillatory processes in nature, then it can be shown that at thermodynamical 
equilibrium all thermal energy would necessarily be transformed into radiation 
energy, or that if thermodynamical equilibrium were established between the 
different “ individual radiations ”, all the energy would pass over to the greatest 
frequencies* i.e. he absorbed into the extreme ultra-violet. In any spectrum, 
therefore, we should expect to find most of the energy at the extreme short-wave 
end. All this, however, is contrary to experience. The “classical” theorem of the 
equipartition of energy cannot therefore hold without restriction, for oscillatory 
processes; in fact, restrictions must be made in the case of high frequencies. 

M. Planck showed that agreement with experiment is obtained 
if the following assumption is made: the energy of an oscillator must 
be an integral multiple of the quantity hr, where v is the frequency and h 
a universal constant equal to 6*547 X 10-~ 27 erg sec. According to this 
assumption, the energy of the oscillators is not continuously distri- 
butable, but only in certain minimum quanta of energy. This is 
analogous to the fact that the mass of matter is not continuous in 
character, but consists of minimum quanta of mass — the atoms.* 

The content of the above quantum hypothesis seems to represent a funda- 
mental property of atoms, due to the nature of the interaction between nucleus 
and extra-nuclear electrons. It contradicts the fundamental concepts of “ clas- 
sical ” physics which had proved so successful in explaining phenomena involving 
bodies of macroscopic size. Thus the energy of ordinary acoustic oscillators (or 
any macroscopic oscillators) is for all practical purposes continuously distri- 
butable. We can see at once, however, the extent of the restriction imposed by 
Planck's quantum hypothesis upon the theorem of equipartition of energy. 
Since the value of h is so extremely small* the product hv must also be small. 
The quantum hypothesis states that the energy of an oscillator cannot change 
by an amount less than h\>. Now if v is sufficiently small, the value of /*v will 
bo so extremely small that the energy changes will still be practically continuous 
in character, as is required in classical physics. The hypothesis therefore does 
not appreciably affect oscillators of low frequency, llut as we pass to greater 
and greater frequencies, the value of hv will increase progressively, until even- 
tually it is actually greater than the mean thermal energy of a gas molecule or 
of an oscillator at the temperature in question. Under these conditions an oscil- 
lator of such a frequency will only be able to take up energy from another mole- 
cule in those comparatively rare cases where the energy of the molecule happens 
to exceed the value k v. Thus the higher the value of v, the less will the oscillator 
contribute to the radiation; and from a certain frequency upwards no radiation 
will be observable. Kise of temperature (i.e. increase of the mean energy' of the 

* ft is interesting to note that Holtzaianx had previously (1S77) considered this 
possibility. Ho writes: ’■‘hot each molecule be capable of taking up only a finite 
number of kinetic energy values {It -hr «r/iV/e K niff r). Ko r further simplicity let us assume 
that these kinetic energy values which ran be taken up by each molecule form an 
arithmetical progression* e.g. O, «r, de, . . . * ge." 
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colliding molecules) must displace the radiation spectrum towards higher fre- 
quencies-, as is actually observed. 

The assumption, that an oscillator can only possess integral multiples of a 
certain energy quantum (from which we deduce, for example, that a certain 
minimum energy is necessary to excite the oscillator) has proved extremely 
fruitful. The modifications required in certain circumstances will be dealt with 
later. Special importance attaches to the quantum hypothesis in connexion with 
the new views on the interaction of matter and radiation to which it gave rise. 
Since the energy of the oscillators can only change by whole quanta, the radiant 
energy may also be regarded as made up of these units, i.e. as localized in discrete 
light quanta. This one theory has proved capable of providing simple and satis- 
factory explanations of a number of previously inexplicable phenomena, such 
as the photoelectric effect, the excitation of light emission from atoms by bom- 
bardment with electrons, and the short-wave limit of white A -rays (see above, 
p. 53). 

From what lias heen said above it will be clear that the constants 
in Planck’s radiation equation (p. 148) must be expressible in. terms 
of the universal constants Ji — 6-547 X 10 -27 erg sec. (known as Planck’s 
quantum of action, since erg sec. is the unit of action. — see Yol. I, p. 91), 
c = 3 x 10 ll) cm. sec. -1 (the velocity of light, which conies in because 
the radiation is electromagnetic in character), and finally A — 1-37 X 10 -16 
erg degree -1 (Boltzmaxic’s constant, which is characteristic of the 
thermal motion of matter — see Yol. II, p. 60). Actually it can be shown 
that q — c 2 h and c 2 = chjk. Hence it follows that a — 27r 5 A 4 ; (15c-/* 3 ). 
The values calculated from the theory are in good agreement with 
experiment . 

The experimental measurement of cr and of the constants of Wiens displace- 
ment law provides two equations from which h and k can be determined. Since 
further k = R n (Yol- 11, pp. 4-0. 41), a value of Avogadrots constant can be 
obtained from measurements of temperature radiation, i.e. by a purely optical 
method. The calculation, first made by Pr-AXC'K. in 1H01, gives a value in good 
agreement with the results obtained by quite different methods (see Yol. II, p. (><>). 


8. Non-black Bodies. Temperature Measurement sand 
Light Sources 

Behaviour of Non-black Bodies. — All the actual substances available 
to us have absorption coefficients; a less than unity. If the absorption 
coefficient, is the same for all wave-lengths, the body is called a grey 
radiator (arc-lamp carbon, a 0-3; carbon filament, ft — 0-7). If 
<x varies with the wave-length, the body is said to show selective 
radiation. This is accordingly characterized bv the fact that the body 
absorbs less (and consequently emits less) than a perfectlv-blark bodv. 
at least over certain regions of wave-length. For an example see 
fig. 35. 

In order that a grey or selective radiator of temperatui'e T may 
give tin* same total intensity of emission S as a perfect lv-bhick bodv 
of temperature T b . it follows that T must be greater than T b . We 
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may call T 6 the black-body temperature of the actual radiator. With 
platinum at the melting-point, for instance, the difference T — T 6 
is 210°. The black-body temperature of the crater of a carbon arc is 
3500°. whereas the true temperature is about 4000°. For practical 
purposes it is the curve of sensitiveness of the eye which is the decisive 
factor in judging radiation (see Yol. IV, p. 31). We may give the name 
colour temperature to that temperature which a perfectly -black body 
would have to possess in order to appear to the normal eye the same colour 
as the radiator in question. For grey radiators the colour tempera- 
ture is the same as the true temperature; it is only the surface in- 
tensity which is less than for a black body. One result of the spectral 
distribution of sensitiveness of the human eye is that the observed 
brightness of an emitter increases very rapidly with rise of tempera- 
ture from the point at which the glow first becomes visible (for a com- 



Fig. 35. — Spectral distribution of the radiation from a Welsbach mantle (c) and 
that from a perfectly-black body ( d ) at the same temperature 

[From Gehlhoff, Lehrbitch der techmscherz Physik , Yol. II (Barth, Leipzig).] 


pletely-rested eye about 400° C. — the so-called grey glow; feeble red 
glow, about 630° C\). Thus Lummee and Pringsheim found that the 
brightness, as judged by the eye. increased in proportion to the thirtieth 
power of the absolute temperature in the region of red heat and to 
the twelfth power even in the region of white heat. 

Pyrometry.* — Because of these marked changes of brightness the tempera- 
ture of a flowing body can he measured very accurately by photometric methods. 
Instruments used for this purpose are called optical pyrometers. 

The action of the much -used pyrometer of Holhorn and Kuelbai’M. for 
example, is as follows. The surface under investigation is viewed through an 
electric lamp bulb and the current passing through the lamp is adjusted until the 
filament is observed to disappear, owing to its brightness becoming just equal to 
that which is to be measured. The lamp is calibrated against a black body at 
known temperatures obtained by using suitable substances of known melting- 
points. If the brightness to be measured is tot) great, it is iirst weakened by the 
interposition of suitable absorbing glass screens or filters. Optical pyrometers 
calibrated as above give black-body temperatures directly. 

Sources of Iaght. — Most of the sources t if light in common use to-day are 
temperature radiators. In candle and paraffin-oil flames the glowing bodies 
are the solid carbon particles derived from the burning gases; in incandescent 


* (dr. p//r„ fire. 
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lumps the glowing part is the metal filament, in are lumps (with pure carbons) 
mainly the positive crater (see Vol. Ill, p. 352}* In the last-mentioned ease, 
however, electrically-excited emission of the gases in the arc also occurs, so that 
such sources (especially arcs using cored carbons containing volatile salts) cannot 
be regarded as pure temperature radiators. As was shown in Yol. IV, tig. 20, 
p. 31, the amount of energy in the visible region is only a small fraction of the 
total electromagnetic energy emitted (compare fig. 32, p. 147). Box practical 
purposes, too, the spectral curve of sensitiveness of the eye is of great importance. 
Owing to the form of this curve (Vol. IV, tig. 19, p. 31). a definite quantity of 
energy in the green-yellow region of the spectrum produces a more intense sen- 
sation than the same quantity in the red or blue regions. As we see from tig. 31, 
p. 140, the fraction of the total radiation lying In the visible region increases with 
rise of temperature, the visually-estimated intensity increasing (as we mentioned 
above) proportionally to the twelfth power of T. This explains why attempts 
are made to increase the temperature of light sources as far as possible. The 
historical development of electric lighting lias been based on this (see VoL III, 
p. 258). 

Theoretically an optimum point would be reached as the temperature was 
progressively raised. This would occur when, in accordance with Wiiex's dis- 
placement law. the maximum intensity of emission had been brought to coincide 
with the spectral region to which the eye is most sensitive. Fora perfectly- black 
body this optimum temperature lies at about 5000-7000' abs., the corresponding 
emission being 81 lumens per watt (see Yol. IV, p. 22). If the temperature is 
raised still further, the fraction of the emitted radiation which is useful for visual 
purposes falls off again, more and more energy passing over into the shorter- 
wave (ultra-violet) regions of the spectrum. Table YIY gives the optical and 
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only about 14- per cent of the theoretical energy can be utilized. In actual practice, 
however, the limit is less than 5 per cent. 

The visual efficiency can he improved slightly by using selective radiators. 
Xaturally we choose those which, although they emit a smaller total amount of 
energy at any given temperature than a black body, have a specially high emis- 
sion in the visible region of the spectrum (fig. 35, p. 152). Such selective emission 
can be realized particularly well by renouncing temperature radiation as a source 
of light and using emission due to other causes (e.g. bombardment by electrons 
accelerated in electric fields) which do not depend upon the statistical distribution 
of thermal energy. 

The spectrum of electrically-excited radiation from gases is in general dis- 
continuous. Up to a short time ago it was necessary to use high potentials, on 
account of the large cathode fall (Vol. III, p. 334). This was an obstacle to the 
general use of such illumination, and these light sources were therefore only used 
for advertisements and for special purposes (e.g. C0 2 discharges were used in 
dye-works, <fcc., on account of the similarity of this light to ordinary day- 
light). Xow that the use of incandescent cathodes has been found to reduce the 
cathode fall to a relatively low figure (see Vol. III, p. 334), gas discharge tubes can 
he lit directly from the mains, and their more extensive use in the future is ex- 
tremely probable. Already some main streets are illuminated by sodium lamps. 

The emission of the C0 2 lamp (without incandescent cathode) is only 3-5 
lumens per watt, but for neon and mercury lamps the figure has been raised to 
35 and for sodium to 50. The surface brightness can also be increased by narrow- 
ing down the path, of the discharge (see Table XV; compare Vol. IV, Table I, 
p. 25). 

Table XV. — Surface Brightness op Light Sources used in Pbactice 


Source of Light 

Diameter of 

T ube in cm, 

Current 
Density in 
amp., sq. cm. 

Surface- 
brightness 
in Candle- 
power sq. cm. 

Acetylene flame 




up to 9 *0 

Carbon filament lamp 

— 

— 

71 

40- watt vacuum tungsten lamp . . 

— 

— 

238 

100-watt gas-filled tungsten lamp 

— 

— 

800 

j 2000-watt gas- filled tungsten lamp 

— 

— 

1900 

Positive crater, carbon arc 

; — 

- — - 

15,000 

Moore lamp (C0 2 ) . . 

4*0 

0*025 

0-2 

Xeon advertising tube 

Xeon tube with incandescent 

2-0 

! 

0-025 

0-25 

i cathode (100 amp.) 

: 0*5 

3-0 

15 

' Constricted neon discharge 

! 0-2 
| (diaphragm) 

S00 1 

600 

(axial) 


On account of their descending characteristic (Vol. Ill, p. 354) these tubes 
with incandescent cathodes must be used with a resistance or a condenser. This 
causes an energy loss of about 50 per cent or about 10-15 per cent respectively. 
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D. Fluorescence a xd Phosphorescence 

9. Fluorescence of Gases 

Above we have considered "the excitation of light emission from 
atoms or molecules by transference of energy from moving electrons . 
There is another means of excitation — by light. Atoms and molecrdes 
are able to take irp light of certain frequencies, and this absorbed 
energy may under certain circumstances be emitted again wholly or 
partially. When the re-emission follows immediately upon the absorp- 
tion (p. 165), it is called fluorescence- When, on the other hand, 
there is a relatively long time-lag between the two processes (in. 
certain cases even years), the phenomenon is called phosphorescence. 
An alternative classification, which is practically identical with the 
above hut refers rather to the elementary processes involved, defines 
the re-emission as fluorescence when it is from the atom which 
absorbed the energy, and as phosphorescence (found mostly with very 
complicated molecules) when it occurs after some intermediate 
process (see below) and at some place different from the place of 
absorption. We will first consider the simplest cases, which occur 
in gases. 

Resonance Radiation. — The fundamentally simplest case is that 
in which an atom of a gas absorbs monochromatic light and then re- 
emits light of the same frequency. 

Th is is analogous to the mechanical case of resonance. If two tuning-forks of 
the Maine frequency are set up and one is made to sound, then the second is also 
set vibrating and itself becomes a source of sound emission. The energy emitted 
by the second fork is derived from that sent out by the first (exciting) fork, and 
is re-emitted after absorption (sec Fol. II, p. 1U7). A similar effect is observed 
if we press down the loud pedal of a piano and then sing a note into the instru- 
ment. The particular string which happens to be in resonance with the note sung 
gives a marked response. 


This phenomenon was first observed in the optical region by 11. W. 
AVoon in tile case of sodium vapour. The light of a bunsen flame 
coloured with sodium and hence emitting the L> lines (Yol. IF. p. 15S) 
is concentrated upon a well-evacuated vessel containing a piece of part* 
sodium and heated to about 1U(> : 0. A yellow glow is seen in the vessel 
in the path of the incident beam. The sodium vapour in the vessel 
(tlu^ pressure at this temperature should be about 10“ 7 mm. of mer- 
cury) lights np under the influence of the incident light, and tlic re- 
eniitted spectrum can he shown by spectroscopic examination to 
consist of the 1> lines again. This sort of emission is called resonance 
radiation, and the emitted spectrum linos are called resonance lines. 
If the vapour pressure of the sodium in the vessel is increased hv 
raising the temperature, the surface brightness of the effect is increased 
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Lut the glow no longer extends so far into the interior of the vapour. 
A relatively small depth of the now denser gas is able to absorb the 
incident light completely. At about 300° C. (the sodium vapour being 
still saturated) the. whole of the glow is confined to a very thin surface 
layer at the point of incidence of the team. The volume resonance 
has given place to surface resonance. It is easy to show that under 
these conditions practically all the incident light is re-emitted. This 
can be done by covering a portion of the area of incidence with MgO 
(by combustion of Mg), which provides a very white scattering surface. 
The MgO is observed to have the same brightness as the surface layer 
of gas. The yield by resonance is therefore 100 per cent. 

This yield, however, is not obtained unless the bunsen used as the source of 
the exciting light contains only a small concentration of sodium (i.e. is only 
feebly coloured). The reason is as follows. In the vessel the sodium vapour is 
at a relatively low temperature and hence at a very low' pressure, so that the 
thermal motions and mutual interaction of the atoms are slight. In the bunsen 
flame, on the contrary, the sodium vapour is at a high temperature and (if much 
salt is introduced) at a relatively high concentration. Both these circumstances 
result in strong interactions between the atoms by collision, and consequently 
the emitted radiation is spread out over an appreciable spectral range. A definite 
broadening of the D lines is observed in the spectroscope. The high temperature 
has another effect tending in the same direction, in that the Doppler effect (p. 219) 
is increased when the thermal motions become more energetic. The relatively 
cold and rarefied gas in the resonance vessel possesses a very sharp absorption 
(half-value width,* about 002 A. at 300° C.) and hence can absorb only the central 
portion of the broadened line incident upon it. The remainder of the incident 
light, namely, that with frequencies differing slightly from the absorption fre- 
quency of the vapour, passes through unabsorbed, like any other light, and is 
ineffective as far as the excitation of resonance is concerned. Hence in order to 
make the resonance effect as intense as possible, it is necessary to special 
lamps (usually low- voltage discharge tubes containing rare guises) which give 
very narrow (i.e. very nearly monochromatic) lines. 

Similar phenomena to those described above for Na are also ob- 
served for Li (6708 JL). Iv (7699 and 7615 A..), Ag (338:2 and 3280 A.), 
and Hg (2536-7 and 1819 A.), as well as for CcL Zn, and Ca. Tor a great 
many purposes it is convenient to use mercury, since in this ease the 
phenomena are well developed at room temperature; but mercury has 
the disadvantage that the resonance radiation lies in the ultra-violet 
and so ran only he investigated photographically. In order to excite 
the resonance radiation of mercury it is necessary to rise well-cooled 
mercury lamps in which the discharge is made to occur close to the 
wall. Otherwise the middle portion of the resonance line emitted in 
the* inner regions of the lamp is absorbed in the lamp itself by the 
cooler mercury vapour nearer the wall. This process is called sef- 
rrrersvfl. 


* I lu» ha If- value width Is tlu* difi’eriuict 1 b«.*t\vei>n t lit- wa-vo-longthis of the two points 
" 11 * absorption curve (oik* on om-li side of t he maximum) nt w hich the intensity is 
half the maximum intensity. 
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Successive Excitation. — The following experiment (Puchtbauer, 
Wood) is very informative in connexion with the behaviour of atoms 
taking up radiant energy. A vessel R containing mercury vapour 
(fig. 36) is irradiated by means of a mercury resonance lamp HgR. all 
light of wave-length longer than 3000 A. being stopped by a suitable 
filter F. Investigation by means of a quartz spectrograph with its 
slit placed at S shows that the mercury vapour in R emits the reso- 
nance line 2537 A. The resonance lamp is then switched off and R 
is irradiated with the light from the ordinary uncooled mercury lamp 
Hgll, which does not emit any resonance line, since the latter is 
absorbed in the lamp itself. This self-reversal is indicated in the figure 
by the filter F ? which is supposed to absorb all the resonance wave- 
length emitted by Hgll. Spectrographic examination of the vapour 
in R then shows that it is not emitting appreciably at all. If now the 
resonance lamp HgR is brought into 
action (i.e. if the vessel It is irradiated by 
both lamps at once), it is found that the 
spectrum emitted by the vapour in R 
contains not only the resonance line but 
also a considerable number of other lines 
in the ultra-violet and visible regions. The 
explanation of this behaviour is as follows. 

The mercury atom which absorbs radia- 
tion of the resonance frequency thereby 
passes out of its ground state (i.e. the stable state of minimum energy) 
into a state of higher energy, a so-called excited state. The observed 
phenomena can he explained very easily oil the view that such excited 
atoms possess a characteristic absorption spectrum different from that 
of atoms in the ground state, i.e. that excited atoms are able to absorb 
other mercury lines besides the resonance line. These absorptions 
cause the excited atoms to pass over into states of still higher energy, 
from which they then revert to the ground state with emission of light. 
This view lias stood all tests and will ho discussed in greater detail 
below (p. 17(>). In some cases, e.g. the rare gases, it has been found 
possible to demonstrate directly the characteristic absorption spectra 
of excited atoms of the kind postulated here . 

General Fluorescence of Gases.- The conditions are not always so 
simple as in the case above. For example, in many metal vapours (i.e. 
in monatomic gases) absorption causes a glow whose spectrum contains, 
apart from the absorbed wave-length, one or more additional lines of 
somewhat longer wave-length, which in general do not occur as 
absorption lines. This occurs, for instance, with Tl. Pb, Bi, and Sb. 
An interpretation has again been found possible on the basis of the 
structure of the atom concerned (p_ ISO). 

Still more complicated spectra are obtained when molecules con- 
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Pig. 36. — Diagram of apparatus for 
demonstrating successive excitation 
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taining more than one atom. (e.g. iodine, I 2 ) are excited so as to emit 
light. When the concentrated beam from an arc lamp is passed through 



a well-evacuated, sealed glass globe containing a 
few fragments of iodine, the vapour is seen to 
give a very intense yellowish-green fluorescence. 
The emitted light, when examined by a spectro- 
graph, is found to consist of a large number of 
spectrum lines lying close together (see fig. 37). 
The phenomenon is simplified by irradiation with 
monochromatic light. The fluorescence spectrum 
then contains the exciting line and also a number 
of new lines arranged in a regularly-spaced 
sequence on the long-wave side — the so-called 
resonance spectrum (fig. 37). If the iodine vapour 
is raised to a higher temperature, lines are also 
obtained on the short-wave side of the exciting 
line, with the same regular spacing. 

Stokes’s Rule. — The following observation was 
made by Stokes * and stated by him in the form 
of a rule now known by his name: 

In almost all fluorescence and 'phosphorescence 
phenomena the emitted light is of longer wave-length 
than (or at least of the same wave-length as) the 
exciting light , provided that the temperature is not 
too high. 

This cannot be understood on the basis of classical 
electrodynamics, and remained for fifty years unex- 
plained, i.e. unrelated to other phenomena — the first 
warning that the classical electromagnetic theory of 
light would have to be fundamentally modified. Not 
until the advent of the quantum theory was a satisfactory 
theoretical explanation forthcoming (see p. 122). 

In many instances spectrum lines are emitted 
in phosphorescence and fluorescence, which are of 
shorter wave-length than the exciting line. Such 
lines are referred to as anti- fit ohes lines , which 
is perhaps not a very happy choice of name. 
These occasional deviations from ►Stokks\s rule, 
however, are confined to the appearance of a 
relatively small number of lines in a relatively 
narrow region on the short-wave side of the 
exciting line. 


♦Gkohok Gabriel Stokes (1810-1903), Professor of Mathematics at Cumbrid 
from 1849 onwards. 
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10. Interaction between Excited and Unexcited Molecules 
in a Gas 

Influence of Additions of Foreign Gases upon the Fluorescence of 
a Gas. — The fluorescence of a gas is in general affected by the addition 
of a foreign gas (Wood, 1911). In all probability the effect, which may 
be either intensification or weakening of the fluorescence, arises from 
a number of different causes. 

In the first place, there is a change in the conditions of absorption 
of the exciting light. We must assume that for an atom at rest and 
unaffected by other atoms the breadth of the absorption line (or 
emission line) is of the order of 10~ 4 A. (see p. 219). Thermal motion 
causes a Doppler effect (Vol. II, p. 280) and consequent broadening 
of the line, the breadth increasing as the temperature is raised (p. 220). 
The electric and magnetic fields of neighbouring atoms and molecules 
also cause a broadening (p. 221). 

It is this latter effect which is of importance in the case of admixed foreign 
gases. Suppose that the exciting source gives a comparatively broad line, e.g. in 
the case of mercury suppose that a mercury-arc lamp at high temperature and 
high pressure is used. Further, suppose that the pure gas to he excited is at room 
temperature and at most at the corresponding very low saturated vapour pressure. 
It will then absorb only the central portion of the line emitted by the lamp 
— the very portion that is much weakened by self -reversal in the lamp itself (see 
p. 156). Under these circumstances addition of a foreign gas, by causing a broaden- 
ing of the absorption line of the gas under investigation, increases the amount of 
absorption of the exciting light and thus intensifies the fluorescence. A fourfold 
increase of intensity was actually observed by Wood in the case of mercury vapour 
(resonance line) on addition of helium. The -width of the lines is, of course, cor 
rcspondingly greater than in the pure gas. 

If the above effect is avoided by using a narrow sharp exciting line (e.g. from 
a resonance lamp), then a decrease in the intensity of the resonance radiation is 
observed when foreign gases are added. The extent of this decrease depends on 
the chemical character of the added gas and on its concentration. In the case of 
mercury resonance the least effective gases are the rare gases and nitrogen, the 
most effective being carbon dioxide, oxygen, and hydrogen. 

Increase of the pressure of the fluorescing gas has an effect similar 
to that produced by admixture of foreign gases. These results indicate 
that excited gas atoms may collide with foreign molecules (or with 
other atoms of the fluorescing gas itself) before re-emitting the energy 
which they have absorbed. As is shown by experiments described 
below (p. 160), the energy of excitation may be partially or completely 
transferred to the other atom or molecule taking part in the collision. 
The energy may thereby be transformed into kinetic energy, in which 
case the two colliding particles fly apart with increased velocities 
(the centre of gravity of the 1 pair remaining fixed); or it may be trans- 
formed partly into internal energy of the particle struck by the 
originally excited atom. AVe shall see below that examples of both 
kinds of energy transference are known. 
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It is possible to determine the time during which an atom remains 
in its excited state, and the number of collisions per second can be 
calculated from the kinetic theory of gases. Hence we can deduce the 
fraction of the collisions which take place with an energy transference 
of the kind referred to above. A difficulty is encountered, however, in 
connexion with the values to he used for the radii of the atoms con- 
cerned. In order to obtain agreement with other observations of the 
duration of the excited state, it is found necessary to take the effective 
radius of the excited mercury atom in collisions (compare the effective 
•cross-section, p. 41) as about 1-5 times greater than the radius of the 
normal mercury atom as obtained from gas-kinetic data. Moreover, 
the exact value varies with the nature of the added foreign gas. This 
means that, in consequence of the different strengths of the fields 
vsurrounding different atoms, energy transference in collision becomes 
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Fig. 38. — Experimental apparatus for demonstrating sensitized fluorescence 
[From Zeitschrift fur Physik , 19 32. j 

possible at different distances of approach. The large diminution of 
intensity of fluorescence caused by hydrogen has a special cause, which 
will be considered in greater detail later (p. 169). 

Collisions of the Second Kind. — We have seen that collisions 
between atoms or molecules may be inelastic if one of the particles 
concerned was originally in an excited state. In such cases there 
is an exchange or transformation of the energy of excitation. 

This is in a certain sense the reverse of the process in which atoms 
or molecules are excited by the impact of other atoms or electrons, 
i.e. in which the kinetic energy of one of the particles involved in the 
collision is transformed wholly or partially into energy of excitation. 

Inelastic collisions, in which energy of excitation is transformed 
wholly or partially into kinetic energy, are called collisions of the second 
kind. 

Sensitized Fluorescence. — The following is a typical example of a 
group of phenomena in which energy transferences of the kind con- 
sidered above play a part. 

Two quartz vessels, each heated in a separate electric furnace, arc connected 
by a quartz tube (sec fig. 38). One vessel contains metallic thallium and is heated 
to about 800 J C. (when the vapour pressure of thallium is about 2 mm.). The 
other contains mercury and is heated to about 100 ('. Except for these metals 

the apparatus is well evacuated. The light from a mercury lamp L is focussed on 
the vapour in the cooler part of the apparatus, and by speetrographie invest! - 
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gation it is found that the part of the illuminated vapour lying close to the wall 
of the vessel emits, in addition to the mercury resonance line 2537 A., the thallium 
lines 2768, 3529, 3776, and 5350 A. (cf. fig. 39). The effect is confined to the region 
near the wall of the vessel as a result of the relatively high pressure of the mercury 
vapour. If the resonance line is filtered out of the incident exciting beam by means 
of a glass plate, then all the thallium lines vanish. These thallium lines also fail 
to appear if the mercury vapour is removed from the vessel by freezing out. 

This emission by the thallium as a result of excitation of the mer- 
cury is called sensitized fluorescence , since it is not caused directly by 
the incident light but through the agency of the excited mercury 
atoms. The name is chosen by analogy with the sensitization of photo- 
graphic plates for long-wave rays by means of dyes which absorb the 
incident energy and then pass it on to the photographic substance 
(p. 169 ). 



Fig. 39. — Spectrum of the sensitized fluorescence of 
indium (after Donat). Upper and middle spectrum: 
mercury lamp (feebly and strongly illuminated). Lower 
spectrum: mercury spectrum together with the strong 
fluorescence lines of indium. The exciting line is 2537 A. 

[From Mandbuch der Physik , Vol. XXIII, 1 (Springer, 
Berlin).] 


The explanation of sensitized fluorescence is as follows. We con- 
sider two kinds of atoms A and R with respective energies of excitation 
hv A and hv B . We suppose further that v M C v A . When the gas A is 
irradiated with light of frequency r A , we get resonance fluorescence. 
When the gas B is irradiated with light of frequency v A , we get no 
result, because the gas B will not in general absorb the frequency n A . 
When, however, a mixture of A and B is irradiated with light of 
frequency v A , we get excited atoms of A which may collide with 
atoms of B and transfer to them a certain part of their energy of 
excitation. In this way atoms of B become excited and can then 
emit their own characteristic frequencies. Thus both A and B are 
found to fluoresce. 

Since an atom B only takes up the energy Av R in becoming excited by the 
impact of an excited atom of A, there is a certain energy balance h\> A — Av B . 
This is transformed into kinetic energy of the colliding atoms. We may calculate 
the resultant velocities by applying the principles of the conservation of energy 
and of the position of the centre of mass. The initial velocities due to thermal 
motions may be neglected, since under the experimental conditions considered 
( e 7 ) 12 
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here they are small (of the order of a tenth of a volt) in comparison with the 
velocities resulting from collisions of the second kind. We have 


and 

Hence 


and 


Av a — Av b = i m m A v a 3 T 


WaVa = 


\m x v a 2 = (&v A — hv B ) 
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-h 


JwbVb 2 = (Av a — 
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Thus the greater the difference between the excitation energies of A and T3, the 
greater is the velocity imparted to the atom 13 as a result of the collision. The 
velocity of 33 can be determined from the Doppler effect and the line- breadth 
which depends on it. 

The above conclusions can be tested in the case of thallium and 
mercury described above. The thallium line 2768 appears only feebly, 
but the line 3776 is intense. Both are resonance lines of thallium 
(p. 180). For the line 2768 the difference hv He — hv Tl is only 6*4 X 10~ 13 
erg, which is of the same order as the energy of the thermal motions of 
thallium under the conditions of the experiment. Thus the line emitted 
will be only very slightly broadened by the Doppler effect and will 
therefore be strongly absorbed (self-reversal) in the thallium vapour 
itself. This explains why its observed intensity is so low. For the line 
3776, on the other hand, the corresponding difference of excitation 
energy — hv, n is 2*6 X 10~ 12 erg. As the above calculation shows, 
the velocity imparted to a thallium atom by a collision of the second 
kind with an excited mercury atom is here very great. The emitted 
line is therefore much broadened by the Doppler effect and conse- 
quently only its central portion is absorbed by the thallium atoms in 
the remainder of the vapour, which have a much lower average velocity. 
All of the broadened line except the central portion passes out and is 
accessible to observation. This explains the large observed intensity. 

Various observations, notably upon mixtures of sodium and mer- 
cury under excitation by mercury lines (Wjkbb and Wanc, 1929) 
indicate that the probability of transference of excitation energy by 
collision becomes especially high when hv u is not very different from 
hv A , i.e. when the energy of excitation of the one particle can be trans- 
formed almost completely into the energy of excitation of the other. 
This is reminiscent of the excitation function for electron impact (see 
fig. 29, p. 139), where the probability of energy transference fails off 
as e\J becomes more and more different from hv. 


A special case of collisions of the second kind is the collision of an ion (which 
is an atom in a higher excited state) with a neutral atom or molecule. Jf t he latter 
has a lower ionization potential than the ion which strikes it, it may he ionized 
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by the collision. Here again the probability of this process increases as the 
difference between the ionization potentials of the two particles becomes less. 
Examples of reactions actually observed are: 

He+ (24*5 volts) -+ Ne (21*5 volts) -^He-f Ne+ 

and 

Hc+ -j- N 2 (24 volts) — > He + N 2 + . 

The figures in brackets are the ionization potentials. 

11. Fluorescence of Solids and Liquids 

Fluorescence is not confined to gases. A large number of liquids 
and solids exhibit fluorescence, in some cases very intense fluorescence, 
when illuminated by suitable light — usually short-wave visible or ultra- 
violet light. One difference as compared with simple gas fluorescence 
is that in almost all cases excitation can be effected by relatively 



Fig. 40. — Fluorescence of benzene: (a) gas, (A) liquid, (c) solid 
at 0° C., and ( d ) solid at — 180 0 C. 


broad spectral regions and that the emitted light is likewise spread 
out over broad spectral bands. Moreover, the fluorescence of liquids 
and solids is usually confined much more rigidly to the long-wave 
side of the exciting radiation, i.e. Stokes’s rule is more accurately 
obeyed. Both these differences are probably due to the fact that in 
solids and liquids the atoms are relatively close together, so that for 
this reason, as well as owing to thermal motion, the absorbing and 
emitting atoms are very much distorted as compared with free gaseous 
atoms. By lowering the temperature, relatively sharp spectra can he 
obtained in many cases. 

Among pure liquids the aromatic hydrocarbons, such as ben- 
zene, naphthalene, and anthracene, and many of their derivatives, 
show the most marked fluorescence. Sometimes the effect is confined 
to the ultra-violet (e.g. benzene). The substances of not too compli- 
cated structure also exhibit fluorescence in the solid state. Fig. 40 
shows, for examples the spectra of benzene in the three states of aggre- 
gation. 

Among pure inorganic, solids we may mention the nranyl salts 
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(compounds containing the group U0 2 ), the salts of the rare earth metals 
(fig. 41), and calcium tungstate (scheelite) as showing particularly 
strong fluorescence. There are also many fluorescent systems con- 
sisting of very small quantities (fractions of one per cent) of foreign 
substances, mostly coloured, contained m a colourless main substance. 
An example is jiuor spar , from which the phenomenon of fluorescence 
takes its name. In addition to the immediate fluorescence emission, 
however, these systems exhibit a persistent after-glow. They will 
therefore be discussed in the next section; for it has been found that 

complicated processes, different 
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from simple fluorescence, occur 
in these systems between the 
absorption of energy and re- 
emission of light. 

Ruby , which consists of a 
solid solution of tri valent chro- 
mium in A1 2 0 3 , exhibits a peculiar 
behaviour analogous to resonance 
radiation in gases. Two of the 
strongest lines in its fluorescence 
spectrum, which lies in the red 
region, can be excited by light of 
their own wave-length. Accord - 
ingly these lines occur strongly 
m absorption. 

In solution (particularly 
aqueous solution) the only inor- 
ganic substances which fluoresce 
with any notable intensity are 
the uranyl salts and the salts of 
some of the rare earths ((‘specially 
europium and terbium). On the other hand, a large number of 
organic substances, mostly of complicated structure, are known tc 
fluoresce strongly in solution. 
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Fig. 41. — Groups from the fluorescence 
spectra of the sulphates of Eu and Tb at 
— 180 0 C. The superimposed shorter lines 
appearing above are the neon comparison 
spectrum (after Tomaschek and Deutschbein). 

[From JPhysikalische Aeitschrift, 1933.] 


Beautiful fluorescence is exhibited by a solution of quinine in sulphuric acid 
and also by solutions of many coal-tar dyes, such as eosin. The most beautiful is 
a dilute alkaline solution of fluorescein, a substance which owes its name to this 
property. 

When a few drops of an alkaline solution of fluorescein are allowed to fall into 
a vessel of water through which a beam of light is passing, they are seen to spread 
out in characteristic brilliant green clouds. A convergent brain of sunlight from 
a condensing lens, when passed through water containing only a tract* of the 
sodium derivative of fluorescein, produces a luminous green cone. Spectral analysis 
of the light emitted proves that the effect is not due to simple reflection or ab- 
sorption. The solution appears reddish-yellow when viewed by transmitted light 
— a sign that it absorbs the blue end of the spectrum more* than the red. If blue 
and violet light is allowed to fall on the solution, it will he practically all absorbed, 



FLUORESCENCE OF SOLIDS AND LIQUIDS 


165 


provided that the correct concentration is used. But the solution gives a green 
glow, even although the exciting light contains no green at all. Red light pro- 
duces no fluorescence. Thus fluorescein has the property of transforming short- 
wave visible light into longer- wave visible light. This is a good example of 
Stokes’s rule. 

The fluorescence spectra of substances in solution consist of diffuse 
bands (fig. 42), the position of which depends on the nature of the 
solvent (probably on its dielectric constant). The presence of foreign 
substances in the solutions produces remarkably large alterations of 
intensity — usually a decrease, but sometimes an increase. This is 
reminiscent of the effects of admixture in the case of gases. The 
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Fig* 42. — Emission band (shaded) and absorption, band of 
eosin in aqueous solution. The dotted line shows the 
distribution of excitation referred to equal absorbed 
energies (after Nichols and Merrit). 

mechanism is probably similar to that in gases, the energy of excitation 
of the molecules of the fluorescent substance being transferred to the 
foreign molecules by collision and hence being lost so far as fluorescence 
is concerned. 

Above a 'certain limiting value (usually low), increase of the con- 
centration of the fluorescent solute also diminishes the fluorescence 
yield, i.e. the quantity of light emitted per unit energy absorbed. 

As regards the relation between molecular structure and fluorescent 
properties, a large quantity of data has been accumulated for organic 
substances, and it is now possible to state the contribution of different 
groups and to predict the spectral position of the fluorescence to which 
they give rise. 

Duration of Excited States. — Numerous measurements have been 
made of the time which elapses between the excitation of an atom or 
molecule by light absorption and the re-emission of the energy as 
fluorescence, (buses, liquids, and solids have been investigated. The 
determinations may be made either with a suitable combination of Kerr 
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cells actuated by very rapid electrical oscillations (Vol. IV, p. 257), 
or by illuminating one small area of a molecular beam (Vol. II, p. 53) 
and observing bow far the glow extends in the direction of motion 
of tbe molecules. Results obtained by these and other methods show 
that the duration of the excited state is of the order of 1 0~ 8 second. 

12. Energy Transferences involving Excited Atoms and 
Molecules 

Chemiluminescence. — The energy set free in chemical reactions 
can in many cases give rise directly to emission of light, instead of 
indirectly by way of temperature radiation. This occurs especially 
with processes having large heats of reaction, the most notable being 
oxidation processes. In such cases the reagents glow although their 
temperature is far lower than that necessary to produce the glow by 
temperature radiation. Well-known examples of this c ‘ cold light ” 
are the oxidation of phosphorus, the glow of various insects (glow- 
worms, fire-flies, <fcc.), and 64 phosphorescence ” of the sea. Investi- 
gations, especially with gases (see below), have led to the view that 
the processes involved are more or less similar to those of fluorescence 
(particularly sensitized fluorescence (p. 161)) but that the energy trans- 
ferences, instead of being from molecules excited by absorption of 
light, are from molecules possessing as extra potential energy the whole 
or part of the energy of reaction of a chemical process, i.e. molecules 
excited by the chemical reaction. Various cases are possible according 
as the substance capable of fluorescence is one of the orginal reacting 
substances, one of the products of reaction, or sonic, foreign admixture 
which may take up the energy liberated. 

The following are some eases of reactions giving very intense chemi lumi- 
nescence. 

(a) A mixture of 10 c.c. ft 1() per cent pyrogallol solution, 10 c.e. of 40 per 
cent potassium carbonate solution, and lO c.c. of 3f> pen* cent formaldehyde solu- 
tion is rapidly treated with 20—30 e.e. of 30 per cent lilt (all reagents being in 
aqueous solution). A very intense red glow is obtained. 

(b) Another striking reaction is the oxidation of the imsat urat c< 1 silicon com- 
pound, silica! hydroxide Si.dPH.,. by means of permanganate. To demonstrate 
this, we take a large flask containing a rather thick paste of dilute hydrochloric! 
acid and silicon partly decomposed and turned yellow after long treatment with 
boiling water. A number of potassium permanganate crystals are added in the 
dark and the whole swirled round vigorously. A very intense yellow glow is pro- 
duced. Preparation of the silicon: roughly broken calcium silieido is placed in 
a. glass flask, covered with fuming hydrochloric acid cooled in ice, and the mixture 
allowed to react for several hours, cooled all the time (if necessary with a freezing 
mixture). When effervescence ceases the contents of the flask an* diluted with 
cold water and filtered off as rapidly as possible on the suction filter, using a 
water- jet aspirator. The residue is washed with aqueous alcohol. It is very 
remarkable (and important for tin! theory of chemiluminescence) that t la* silieal 
hydroxide itself may be made to fluoresce very strongly by excitation with light. 
Another observation which furnishes evidence for the theory of energy trails- 
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ferenee is that silica! hydroxide can be coloured with dyes and that in the 
oxidation it is then the fluorescence of these dyes that is emitted. 

The glow of certain living creatures (bioluminescence) is due to the 
oxidation of a substance called luciferin in presence of an enzyme 
called lucif arose. The oxidation is reversible: the oxidation product 
can be reduced so as to give luciferin again. The spectral distribution 
of the emitted light is extremely favourable for visual purposes (fig. 43). 
Thus nature has actually solved the problem of the most rational 
production of light. Since the processes giving rise to the emission of 
the light can take place outside the living organism, their technical 
development (e.g. on the basis of electrolytic oxidation and reduction) 
is by no means inconceivable. Radiation (in the ultra-violet) is also 
supposed to be emitted in the course of 
active cell division (the so-called mito- 
genetic rays). Rays of the same wave- 
length are supposed to exert a very 
marked influence on cell-division pheno- 
mena. The existence of these rays, 
however, is still contested. 

Quantitative experiments on the lumi- 
nescence accompanying chemical re- 
actions can best be carried out with 
gases. For example, when sodium vapour 
mixed with nitrogen IS allowed to how of energy in the light emitted 

into an atmosphere of chlorine (Haber b * r firefi t ies * The shaded area 

x ' . shows the energy utilized by the 

and Zisch), a glowing name is obtained eye. (Cf. Voi. iv, fig. 20, P . 31, 
with a temperature of only 50-60° C. ™ i^pT' 1 ' ° f a 

The observed strong emission of the D 

lines must be due to transference of excitation energy to sodium 
atoms on collision with newly formed NaCl molecules containing 
the whole or a part of the reaction energy stored up in them. A 
number of different reactions were found to occur in the sodium- 
chlorine flame, the one giving rise to the luminescence being 
Na.>4- Cl = NaCl 4- Na-f 75 cal. Detailed investigation showed that 
the" energy of reaction remains stored up in the NaCl molecule and is 
then transferred to a, sodium atom by a collision of the second kind. 
The energy required to excite a D line is 48-3 cal. per gramme-atom 
(see p. 179). Another example that has been investigated in detail 
(by Bonhoeffer) is the transference of the energy of the reaction 
2H = H 2 to foreign metallic atoms present as vapour. Here we seem 
to be concerned with the simultaneous collision of two hydrogen 
atoms with a metal atom (triple collision), the taking up of the energy 
of reaction by the metal atom making possible the formation of an H 2 
molecule. The energy absorbed by the metal atom (Xa or Cd) may 
then be re-emitted as light. 
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Photo-chemical Reactions. — The reverse of cliemihiminescen.ee is 
the occurrence of chemical reaction as the result of illumination. Such 
phenomena are very widespread; we need only call to mind the bleach- 
ing action of sunlight and the assimilation of carbon dioxide under the 
influence of the sun’s radiation (see below). Organic growth also seems 
to be intimately bound up with chemical processes which are produced 
by light (chiefly ultra-violet light). 

The experimental data so far accumulated indicate that in most 
cases the first process is the absorption of light by an atom or molecule, 
which thereby passes into an excited state. The energy of excitation 
can then be passed on in collisions so as to give rise to chemical reaction. 
In certain cases (so-called chain reactions) the ensuing changes may 
be such that fresh reactive atoms or molecules are continually produced, 
so that the reaction (when once started) may go on without the further 
agency of light. An example of this is the combination (explosion) of 
chlorine and hydrogen under the action of light. In cases of this kind 
light can only have an accelerating (or possibly retarding) effect on 
the reaction. In other cases, however, while each excited molecule 
may undergo a certain reaction, no further molecules are thereby 
excited to react and hence no chain of reactions is set up. An example 
is the decomposition of HI under the action of light, which may be 
represented as follows: HI+ kv—. ^HI*; HI* -f- HI -> H 2 -j- Here Jiv 
is the absorbed light quantum and the asterisk denotes excitation. Thus 
two molecules of HI are decomposed for each light quantum absorbed. 
A remarkable result (and one which is of great importance for the theory 
of photo-chemical reactions) is observed when the region of absorption 
is wide, i.e. when light of considerably differing frequencies can be 
absorbed. Since each light quantum gives rise to one elementary 
reaction, and since the number of light quanta per unit of energy (say 
per erg) is greater for small values of v (p. 125), the quantity of material 
reacting as the result of absorption of unit energy must be greater 
for light of low frequency (long wave-length) than for light of higher 
frequency (shorter wave-length). Actually it is observed that, for the 
same amount of energy absorbed, the quantity of HI decomposed is 
1-45 times as much for light of wave-length 2820 A. as for light of wave- 
length 2070 A. (calculated ratio, 1-35). 

It must be assumed that the excess of energy on absorption of a 
larger light quantum is transformed into thermal energy (p. 120). It may 
happen (especially in presence of an inert medium) that the excited 
atom or molecule may collide with an inert atom or molecule and so 
lose its energy of excitation before meeting with an atom or molecule 
with which it could react. In such a case the excitation energy is event u- 
ally transformed into heat. This accounts for tin* fact that t he observed 
yield is often considerably smaller than that which would be expected oil 
the basis of one elementary reaction for each absorbed light quantum. 
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A good example of a photo-chemical reaction is the dissociation of H 2 under 
the action of the line 2537 A. in presence of mercury. A quartz tube filled with 
H 2 contains a little CuO and mercury. Irradiation with the mercury resonance 
line 2537 A. (from a cooled mercury arc, with precautions to prevent self- reversal) 
causes reduction of the CuO to copper. This is manifested by the reddish colour 
produced. No reduction takes place on irradiation of H 2 in absence of mercury 
nor of mercury in absence of H 2 . 

The energy required to dissociate H 2 is 6-9 x 10~ 12 erg. The energy of the 
quantum of the resonance line 2537 A. is 7*7 X 10“ 12 erg. Hence although the 
direct dissociation of H 2 by the action of the light is impossible because H 2 does 
not absorb in this region, the dissociation becomes possible by the transference 
to the H 2 molecule of the energy of excitation of an excited mercury atom. The 
processes occurring can thus be represented as follows: Hg -f- hv -> Hg*; 
Hg* -f- H 2 — >■ Hg -f- 2H. The atomic hydrogen then reduces CuO to copper with 
formation of H a O. This experiment also throws light upon the great capacity 
of H 2 for quenching the resonance fluorescence of mercury (p. 160). 

An example in which chain reaction gives rise to a much bigger yield than 
that anticipated from the amount of light absorbed, is the formation of ethane, 
C 2 H 6 , from ethylene, C 3 H 4 , and hydrogen, H 2 , by the action of atomic hydrogen. 
The processes taking place are probably as follows: C 2 H 4 -f- H — > C 2 H 5 ; 
C 2 H 5 + H 2 C 2 H 6 -{- H. Then H -j- C 2 H 4 — >■ C 2 H 5 , &c., until the collision of a 
hydrogen atom with another hydrogen atom stops the chain with formation of 
H 2 . If the atomic hydrogen is formed by irradiation of H 2 in presence of mercury 
vapour (as described above), the number of C 2 H 6 molecules formed per light 
quantum absorbed may be very large. 

The Photographic Process. — One of the most important technical applications 
of photo-chemistry is in photography. The photographic process, i.e. the change 
brought about by light in silver halides (especially AgBr) embedded in gelatine 
or collodion, is characterized by the fact that in the first place no visible effect 
is produced in the photographic plate (formation of latent image)- The silver 
halide grains which have been affected by light are brought into a certain state 
in which they can be reduced by a suitable “ developer ”. In development they 
are reduced to silver, and, if the process is suitably controlled and the original 
exposure to light not too long, the density of the silver deposited is greatest where 
the illumination was most intense and hence the absorption of energy greatest. 
Of course the process of development must be carried out in the dark (or at least 
in some light — usually red — to which the plate is not sensitive). After develop- 
ment the unaffected silver halide is dissolved out in a suitable “ fixing bath 
(usually “ hypo ”, Na 2 8 2 G ;i ), leaving the silver image behind. 

As can be seen from their yellow colour, ordinary silver halide emulsions have 
an absorption spectrum lying in the short-wave visible region, so that blue and 
violet light are alone photographically effective. The emulsions will, however, 
adsorb dyes with absorption regions of longer wave-length, and it has been found 
that with suitably chosen dyes the energy absorbed is transferred to the silver 
salt and so goes to form a latent image (so-called sensitization (Vogel. 1873)). In 
this way it is now possible to make plates sensitive to all speetral regions up to 
about l-2p. in the infra-red. On the other hand, the plates can he allowed to 
adsorb certain dyes after exposure, with the result that their sensitiveness is so 
far reduced that development can he carried out by candle-light (so-ealled 
tie sensitization (Li' , Pi , o-( ’ramer, 1921)). Ordinary photographic plates are also 
unsuitable for light of very short wave-length, on account of absorption in the 
gelatine. In such cases it is necessary either to use gelatine-free plates (Schumann 
plates) or else to smear the ordinary plates with some liquid (machine oil) which 
fluoresces when illuminated with light of short wave-length. As Tom. and his 
collaborators have shown, an elementary process corresponding to the formation 
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of a latent image occurs in many crystals on absorption of light of suitable wave- 
length. For the alkali halides (e.g. IvBr) the wave-length is usually very short, 
corresponding to the absorption distribution of these substances. The crystals 
thereby become coloured. Thus with sufficiently thick layers of KBr a blue tint 
is observed. The fact that the latent image in photographic plates is invisible is 
therefore due to the thinness of the layer. If sufficiently thick AgHr crystals are 
used, the latent image produced by illumination can easily be seen. The coloration 
is due to the appearance of a new absorption region of longer wave-length — a 
state characterized by loosely bound electrons (p. 129). The chemical develop- 
ment of the image is obviously a problem for colloid chemistry. In certain cir- 
cumstances the initially atomic products of reaction, can coagulate and so form 
nuclei for the deposition of the metallic silver liberated by the reducing agent used 
as developer. 

The Assimilation of Carbon Dioxide. — The most important photo-chemical 
reaction in nature is the assimilation of atmospheric carbon dioxide (concen- 
tration 0-03 per cent) by green plants. Under the influence of sunlight plants are 
able to split off the oxygen and combine the carbon with water. The mechanism 
of thewse phenomena still remains somewhat obscure. The products of the reduc- 
tion are carbohydrates, the raw materials for the building up of the inimitably 
varied organic compounds which play such an important part in the life of plants 
and hence also in the life of animals. The necessary energy for the life processes 
of practically the whole of the living world is derived from the reversal of this 
assimilation process, i.e. by the oxidation of carbohydrates to carbon dioxide 
and water. The fuel is thus provided by the substances synthesized by plants in 
the photo-chemical process of CC 2 assimilation, and the store of energy in the fuel 
is derived in the last resort from the sun’s radiation. 

The assimilation of CC) 2 only takes place in presence of a green substance 
(the green of loaves, called chlorophyll). The simultaneous co-operation of an 
unknown colourless protein (a so-called enzyme) seems also to be indispensable. 


13. Phosphorescence 

Phosphors. — In what follows the term phosphor * will be used to 
denote a substance which, as the result of suitable excitation, is able to 
go on emitting light (not temperature radiation) after the excitation 
has ceased. A systematic investigation of phosphorescence became 
possible after Ltcnakd and Klatt had elucidated the chemical struc- 
ture of an important class of phosphors, the. alkaline-earth sulphide 
phosphors (see below). Lenahd also developed the fundamental con- 
cepts upon which quantitative studies must bo based. 

In most cases the persistent after-glow is not simply a property of 
the substance which forms the hulk: of the phosphor (e.g. alkaiine- 
earth sulphide or oxide, or organic substances- mostly colloidal- 
such as gelatine or frozen alcohol). It is to be regarded as due rather 
to traces of heavy 'Metals or organic substances (generally aromatic) 
embedded in the main substance. 

This does not mean that mere mixture of the main material with the heavy- 
metal or organic impurity will give a phosphor. A spread kind of combination 
is necessary: the phosphor must be prejmrrtl. For all the purely inorganic phos- 


* Gr. photi, light, bearer. 
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phors which have hitherto been investigated in detail, this process of preparation 
consists of heating the ingredients together. In order to obtain a good after-glow 
it is usually necessary to use as flux a concentration of 1-10 per cent of a colour- 
less salt with a relatively low melting-point, though direct melting is also possible. 
In certain cases it seems that the particular structure requisite for phosphorescence 
can be attained by treatment with energetic electromagnetic or electric rays. 
Extremely small quantities of impurities may give rise to after glow effects. Thus 
as little as 0-000006 gm. of copper in 1 gm. of ZnS, or 0-0000001 gm. of fluorescein 
in 1 gm. of boric acid, may produce strong phosphorescence. 

The only pure substance which shows an after-glow of long duration is solid 
nitrogen (Vegard). 

Examples of Phosphors. — Very brightly phosphorescent preparations can 
be made as follows. 

Alkaline earth sulphide phosphors (so-called Lenard phosphors). The raw 
material is the carbonate or oxide. This is heated to redness with sulphur (0-7 gm. 
S to 1 gm. C-aO; 0*4 gm. S to 1 gm. Sr0O 3 ; 0-22 gm. S to 1 gm. BaC0 3 ). The 
product — referred to below as “sulphide 5 ’ — contains, in addition to the sulphide, 
considerable quantities of sulphate and other sulphur compounds. 

CaS-Bi . — 5 gm. of calcium tc sulphide ” -f- 0*25 gm. Xa 2 S0 4 + 0-15 gm. 
Na 2 B 4 0 7 -p 0-1 gm. CaE 2 -f- 0*0012 gm. Bi are heated together to bright redness 
for 25 min. in a furnace. This preparation phosphoresces very brightly and very 
persistently with a blue colour. 

BaS-Gu . — 3 gm. of barium tc sulphide ” 0-05 gm. Li 3 P0 4 -f- 0-00024 gm. 

Cu are heated together to moderate redness for 15 min. This gives a very bright 
orange-red phosphorescence. 

The commercially obtainable zinc sulphide phosphors (Sidot blende), which 
contain traces of copper as active impurity, also exhibit a very bright after-glow. 
Phosphorescent preparations can also be made by embedding certain organic 
substances in gelatine, sugar, frozen alcohol, &c. The boric acid phosphors give 
very intense effects (Tiede). An example of a preparation is as follows: powdered 
boric acid is treated with terephthalic acid or the sodium derivative of fluorescein 
in the ratio of 1 : 1000 or 1 : 3000 respectively. The mixture is then heated to 
melting-point on a tinned iron sheet. When cold, excitation with the light of 
an iron arc (which is strong in ultra-violet) produces a beautiful after-glow of 
blue or yellow-green colour respectively. 

Spectral Distribution of Emission and Excitation. — The light emitted 
by phosphors is usually spread out over a wide range of wave-lengths. 
The spectrum may contain either diffuse bands (as in fig. 42. p. 151), 
bands with a structure (fig. 40, p. 149), or sharp lines (tig. 41. p. 149). 
Any spectral region characterized by a common rate of emission and 
common temperature dependence is referred to as a phosphorescence 
band, no matter what its structure and position. The so-called dis- 
tribution of excitation is obtained by plotting the wave-lengths of the 
exciting light as abscissae and the corresponding intensities of after- 
glow as ordinates. This distribution consists in nearly all cases of 
diffuse bands, corresponding to the spectral distribution of the absorption 
of the phosphor (fig. 44); for only absorbed light can cause excitation. 
The absorption of the light- produces changes in the phosphor. Tims 
a new region of absorption (of longer wave-length) makes its appear- 
ance when the phosphor becomes excited (see also p. 129). while the 
absorption in the region of the distribution of excitation becomes less. 
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The Storing Up of Energy in Phosphors. — Almost all phosphors, 
in addition to their after-glow, exhibit an emission of light during 
illumination (instantaneous effect). In what follows we shall ignore 
this phenomenon, which is related to fluorescence, and consider only 
the persistent effect. 

Both the brightness and the duration of the after-glow are func- 
tions of the preparatory treatment and the temperature, the depen- 
dence upon these factors being very different for different “bands 55 . 

All bands have the common property of disappearing above a certain tem- 
perature, the value of which varies from band to band. In the same way there is 
in general a certain minimum temperature below which the bands exhibit no 
glow, although excitation energy is stored up. I3etw r een these upper and low'er 



of pkosptiorescerLce 


Fig*. 44. — Spectral distribution of the external photo- 
electric effect of a CaS-Bi phosphor 


temperature limits, the upper and lower LnxtatiUniP.oux xtates, extends the region 
of persistent after-glow. 

In the loveer instantaneous state storing up of energy occurs, but there is no 
after-glow. In the intermediate region simultaneous storing up and re-emission 
take place. 

Great interest attaches to the effect of temperature variations after 
excitation. For simplicity we consider a phosphor with only one band. 
If this is exposed to exciting light at a temperature below the lower 
limit of after-glow, then when the illumination is cut off no glow is 
observed. But if the temperature of the phosphor is then raised, 
without any further excitation, emission of light starts spontaneously. 
Mere rise of temperature without previous excitation product's no such 
glow. The effect may be regarded as a driving out of the previously 
stored energy by the heat. This driving out may take place all at 
once or in any number of stage's. Each successive heating up can cause 
the emission of light only to the extent, left over from tin* previous 
heating. Hence this appearance of a glow as the result, of rise of tern- 
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perature must not be regarded as a special kind of excitation of the 
phosphor by addition of heat, but merely as an emission of previously 
stored energy made possible by suitable adjustment of the temperature 
conditions. 

Displacements of Electricity in Phosphors.— It is found that the 
excitation of phosphors is always accompanied by a photoelectric 
effect at their surfaces. This is definitely associated with phosphores- 
cent properties, and the non-phosphorescent constituents of the phos- 
phors do not show the effect. The connexion with phosphorescence 
becomes even clearer in view of the fact that only those wave-lengths 
can produce the photoelectric effect which can also excite an after- 
glow (fig. 44). In the case of good CaS-Bi-phosphors the effect is almost 
as great as in freshly polished magnesium metal. The photoelectric 
effect appears only during the excitation of the phosphors; there is no 
appreciable liberation of electrons during the after-emission. Phosphors 
also show an internal photoelectric effect: displacements of electricity 
are associated with both excitation and after- emission, and these are 
completely analogous to the displacements investigated by Pohl and 
his collaborators in photoelectrically conducting crystals (p. 128). 
Phosphorescence represents a special case of this general behaviour, 
the special arrangement of the group of molecules making an emission 
of light possible as an accompaniment of the motion of electric charges, 
even in the solid state. 

Light-sum. — Lenard gave the name light-sum * to the amount of 
light energy stored up in a given phosphor at a given instant. TJse of 
this very important concept enables us to give a good quantitative 
description of the behaviour of phosphors. During excitation the light- 
sum stored up in the phosphor approaches a limiting value, the mag- 
nitude of which increases with the exciting intensity but can never 
exceed a certain maximum. For constant incident intensity the light- 
sum approaches a limiting value, the rate of approach being greatest 
when the incident intensity is greatest. The maximum possible light- 
sum for any intensity or duration of excitation is called the complete 
light-sum. Measurement of the complete light-sums of phosphors con- 
taining different amounts of metal at first shows an increase in pro- 
portion to the metal content; but after a certain value is reached (for 
CaS-Bi this value is reached for a concentration of only 0-0000*2 gm. 
Bi per gm. CaS) the light-sum increases no further as the metal content 
is increased. The complete light-sum for excitation with mono- 
chromatic light is a function of the wave-length, being greatest for 
wave-lengths near the maxima of the excitation distribution. 

Rate of Decrease of Light-sum in After-emission. — Observation 
shows that the brightness of the after-glow dies out progressively from 


* Cier. Licht&umme. 
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the moment when the excitation is cut oft (fig. 45). Introducing 
Lenard’s concept of light-sum, we may state the law of decrease (first 
discovered by Lenard) in the following way: in all cases the decrease 
can be simply represented as the sum of a number of exponential 
functions. The higher the temperature, the more rapid is the rate 
of decrease of the light-sum. Infra-red light of certain wave-lengths 
has the same effect as rise of temperature. Certain spectral regions in 
the infra-red, however, inhibit the after-glow. 

The last effect can be shown especially well with ZnS-Cu. A large area of 
this phosphor is excited by means of an incandescent lamp. It is then placed in 
the dark, and the image of the crater of an arc is focussed sharply upon the glow- 
ing surface with a suitable filter (e.g. iodine in CS 2 ) interposed to cut off all the 
visible light and let through only the invisible infra-red. A dark spot is at once 
observed on the phosphor at the spot wdiere the infra-red rays fall upon it. 


Ca S.Bl: 


JL=L ight - sun : Phosphor 1 : 0'Q0024gm^ l /gr sulpkule 
X = Intensity : 2 : 000055 gm Bi /gr sulphide 



Fig. 45 . — Decrease of phosphorescence with time for 
CaS-Ri phosphors with different metal contents (after 
Lenard). 


Structure of Phosphors. — Lenard was the first to show that the 
property of phosphorescence depends upon a special structure, and 
he gave the name phosphorescence centres to the complexes of atoms, 
embedded in the main substance of the phosphor, which possess the 
property. The number of atoms in a complex is of the order of 3 0 3 I 0 r \ 
It is clear that the self-contained fields of force necessary for appearance 
of an after-glow, and the energy insulation of the phosphors which 
makes possible a storing up of energy over measurable periods, can 
only occur in very complex aggregates. 

In crystalline substances such as ZnS, zinc silicate, or the halides, 
the centres are probably small micro-crystalline regions with good 
thermal insulation from their surroundings. Thus a necessary con- 
dition is a discontinuity in the lattice of the crystal. Such discontinui- 
ties seem to be caused partly by the presence of atoms of tlm heavy 
metal (e.g. Mn or Cu in Z 11 S) which is foreign to the lattice, and partly 
by natural inhomogeneities in the crystal. In agreement with this it 
appears that the presence of such primary crystal irregularities is 
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necessary for the production of phosphorescent properties in rock-salt 
by pigmentation with fast cathode rays. The investigations of Gudden 
and Pohl upon photoelectric conductivity in well-defined NaCl crystals 
containing foreign atoms have thrown considerable light (p. 128 ) upon 
the questions of the liberation of electrons in the interior of such 
lattices (corresponding to the excitation of phosphorescence centres) 
and the return of these electrons (corresponding to the after-glow). 

Views concerning the Mechanism of Phosphorescence. — As early as 
1904 Lenarid and Klatt expressed the view that the excitation of a 
phosphor consists in the liberation of electrons from the heavy-metal 
atoms, and that in the after-emission of light these electrons return to 
their original condition. An electron thus split off from its parent centre 
is supposed to be held by the surroundings, until finally, after a definite 
average time depending on the temperature and the nature of the 
phosphor, it is (as it were) shaken loose again by thermal agitation and 
returns to its initial state. Other things being equal, the time of return 
depends on the statistical distribution of the energy of the thermal 
collisions, so that each kind of phosphorescence centre (characterized 
by its number of atoms and the corresponding degree of energy in- 
sulation from the surroundings) must show an exponential decrease of 
light-sum, as is actually observed. Lenard’s views have been extended 
in the course of subsequent investigations to give the following general 
theory. 

The absorption and emission processes must be regarded as occurring in 
different spatial regions. The phosphorescence centres are supposed to consist 
of more or less firm combinations of the actual phosphorescent substance with 
large molecular complexes, the latter being characterized by the fact that their 
electron orbits form self-contained units (e.g. lattice blocks, organic aggregates, 
&c.) in which a free migration of energy is possible. In phosphorescence tiie energy 
is primarily absorbed in the molecules of phosphorescent substance in a centre 
and stored up in them as energy of excitation. Then as a result of thermal 
motions an excited molecule may collide with the large molecular complex. In 
a certain fraction of these collisions the energy of excitation will be transferred to 
the complex, which will then emit it as light. The wave-lengths emitted will thus 
be characteristic of the complex. This theory, according to which energy emission 
is preceded by transferences due to collisions of the second kind, is successful in 
explaining the constancy of the emission spectrum even when several electrons 
are liberated per atom of phosphorescent substance during excitation. It also 
accounts for the large effective cross-section of the centres, as well as their sur- 
prising insulation with respect to energy. 

Historical. — In 1009 Lknard quite definitely expressed the view, based upon 
his experiments upon phosphors, that the emission of light from atoms is asso- 
ciated with the return of an electron to its initial state after excitation. This 
idea has been of the greatest significance for the development- of the theories of 
light emission, and formed one of the foundations of the later theory of Bohr. 
A further clue was obtained in 1913 by Lp:nakd and Hausser. again from obser- 
vations of phosphors, by measuring the maximum amount of energy which could 
be stored up in a phosphor whose metal content was accurately known. In this 
way they gave the first answer to the question of how much energy an atom can 
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emit after a single process of excitation. They were able to show that the amount 
is of the same order of magnitude as the emitted light quantum. This indicates 
that the elementary process of light emission involves 44 packets ” of energy 
(or light quanta) — a conclusion which has been borne out in an even more striking 
manner by subsequent experiments, especially those on the transference of 
energy by electron collision (p. 51). 


E. The Emission of Light and the Model of 
the Atom 

14. The Fundamental Laws of Absorption and Emission 
of Energy by Atoms 

The following laws of the interaction of light and matter have 
already been met with: 

1. When light of frequency v is absorbed by matter, the quantity 
of energy hv may be taken up by an electron, which as a result may be 
ejected from the atom (and in some cases from the macroscopic surface 
of the body). In this process the work of separation p is performed, 
so that the final kinetic energy of the liberated electron is given by 

imv 2 = hv — jo. 

2. When kinetic energy is taken, up by an atom or molecule from 
an impinging electron or material particle, the collisions may be 
inelastic if the energy of the impinging particle exceeds a certain 
definite minimum. As soon as this minimum is exceeded, mono- 
chromatic light of frequency v is observed to be emitted. The fre- 
quency satisfies the relation hv = mv 2 . 

3. The phenomena of fluorescence show that atoms can be made 
to take up different discrete excited states, from which they may 
return to the normal state by emission of light. Provided that the 
emitting atoms are unperturbed, the light they send out is monochro- 
matic. 

4. The phenomena of phosphorescence show that the processes of 
excitation and return to normal during after-glow are associated with 
the motion of electrons. 

In 1913 Niels Bohr summarized the above conclusions in the two 
following postulates, which form the basis of modern atomic theory: 

1. An unperturbed atom can exist in definite stationary states , each 
of which corresponds to a definite energy of the system. The transition 
from one stationary state to another is accompanied by emission or absorp- 
tion of light , the energy given out or taken in being equal to the difference 
between the energies of the two stationary states in question. 

2. The emission of radiation by an atom or molecule is due to the 
transition froth a stationary state of energy E n to a second stationary state 
of lower energy E m . The frequency v of the radiation follows from the 
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fact that the energy of the corresponding quantum is equal to the difference 
between the energies of the two stationary states concerned , i.e. 

^ = ^=E„- E m . 

In the same way the absorption of radiation by an atom or molecule 
is due to the transition from a stationary state of energy E m to a second 
stationary state of higher energy E n , the difference E n — E m being equal 
to the quantum hv of the absorbed light. If the atom has no stationary state 
of energy E n fulfilling this relationship , then there is no absorption: the 
light passes on and the atom is left in its original state after temporary 
perturbation by the incident electromagnetic field. 

These postulates may be represented graphically as follows. In fig. 46 
let E 0 represent the energy of the system (atom or molecule) in the 
normal or ground state. Experiment 
(e.g. on the absorption by excited atoms, 
p. 157) shows that every atom returns to 
this ground state very soon after any 
alteration of its energy. The time-lag is 
nsually of the order 10“ 8 sec., though in 
special circumstances it may he as high 
as 10~ 3 or 10 -2 sec. in gases. Here it is 

assumed that no electron is completely Fig. 46. — Permitted energy states 

separated from the atom; for it is known “ d “ 

that an ionized atom may remain in the 

ionized state for an indefinite period of time, provided that the ex- 
perimental conditions are suitably chosen. This stable ionized state 
may he regarded as the ground state of the ion, which can be further 
excited. According to ordinary macroscopic mechanics or electro- 
dynamics, a system may take up energy in indefinitely small amounts. 
This is represented in fig. 46 by the continuous range of possible 
energies on the left. The experiments described above show that con- 
ditions are quite different for atoms; in general, in fact, an individual 
atom must be supplied with at least a certain minim um quantity of 
energy before it can absorb any at all as internal energy. On the other 
hand, however, the taking up of energy as kinetic energy relative to 
the surroundings can take place continuously in all cases realizable in 
practice (see also gas degeneration, Yol. II, p. 151). In the figure E x 
represents the next possible value of the internal energy above the 
ground state E 0 . Above E 1 are the further possible states of higher 
energies E 2 , &c. (of. the experiment described on p. 51). Thus in place 
of the ce classical 55 continuum we have a number of distinct and definite 
values for the energy. One of the fundamental problems of atomic 
physics is to investigate these discrete energy levels of atoms and mole- 
cules, as well as the possibilities of transition from one to another. 

( E 957 ) 13 
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Measurement of Energy. — Experiment can only give the differences between 
the energy of one state and the energies of other states. Hence the energy E 0 of 
the ground state may be taken as zero. This is the only convention which is 
generally adopted (see also p. 181). 

As regards units, it is not usual to express the energies in ergs per molecule 
or per atom,* since in many cases it is more convenient to use other units. The 
following are in use: 

(а) Cals./mol, i.e. the energy per gramme-molecule. Here we have 1 cal. /mol = 
(l/N) cal. /molecule == (J/N) ergs /molecule, where N is Avogadro’s number 
(Vol. H, p. 52) and J is the mechanical equivalent of heat (Vol. II, p. 32). 

(б) Volts, or, more accurately, electron-volts (e- volts); here 1 e-volt is the 
kinetic energy attained by an electron in falling through a potential difference 
of 1 volt. Since e = 1*59 x lO" 20 e.m.u., and 1 volt = 10 8 e.m.u., it follows that 
1 electron volt = 1*59 X 10“ 12 ergs. 

(c) Frequency v. This expresses the frequency (in sec." 1 ) which a light quantum 
would have to possess in order that its energy should equal the energy in question, 
i.e. v = E /h. 

(d) Wave-number v. The wave-number is the number of wave-lengths of an 
electromagnetic radiation per centimetre of path in vacuum. The equation 
v = cv is obviously true, c being the velocity of light (3 X 10 10 cm. /sec.). This 
method of expression gives the wave-number which a light quantum of the energy 
in question would possess. 

(e) Wave-length X. This unit is related to the preceding; it is the wave- 
length of a light quantum of the energy in question. The relationships between 
these different ways of expressing energy values are given in Table XVI. 

As an example we may take the energy difference (7*73 X 10~~ 12 erg) between 
the ground state E 0 of the mercury atom and the next higher state attainable by 
irradiation. This energy difference is equivalent to the energy of a light quantum 
of wave-length 2536*7 A. — 2*5367 X 10— 6 cm. or of wave-number 39422 cm. -1 
or of frequency 1*183 X 10 15 sec. -1 ; or to the kinetic energy of an electron which 
has fallen through a potential drop of 4*86 volts. Eor the sake of brevity we speak 
of the energy as being 4*86 volts (better electron-volts). From Table XVI we see, 
for instance, that an electron that has fallen through a potential drop of 1 volt 
would, if all its kinetic energy were transformed into radiation, give a quantum 
of wave-length l*233p. and wave-number 8110 cm." 1 . 

Representation of Emission and Absorption. — Consider an atom 
with, the energy states E 0 , E l3 E 2 . . . (fig. 47). The absorption of a 
light quantum of frequency v x> given by hv x — E 1 — E 0? corresponds 
to the transition from the state E 0 to the state E x . This transition is 
represented by an arrow pointing from E 0 to E x as in the figure. 
S im ilarly, the absorption of a light quantum hv 2 = E 2 — E 0 is repre- 
sented by the arrow between E 0 and E a . The emission of the 
corresponding quanta is shown by arrows pointing in the opposite 
direction (see figure). 

As we can see from fig. 47, an atom in the state E x may pass over 
into the state E 3 by taking in the amount of energy E 2 — E x . Con- 
versely, the return from E 2 to the ground state may take place in suc- 
cessive steps. This means that the excited atom in the state E x is 

* In what follows the word t£ molecule ” will be used for the sake of brevity to 
cover both molecule and atom. 
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ergs/molecule 

calsjmoi 

electron-volts 

Ksec.; 1 ) 1 


X(cm.)t 

T(°abs,)|| 

ergs/molecule 

i 

1-44, XlO 13 

6-28] X 10 11 

I-53 0 X 10 s ® 

5'lOj X 10 15 

1'96, X 10' 16 

ft 

4-84 9 X 10 1S 

cak/mol 

6-91 3 x 10" 14 

1 

4-34 g X 10" s 

1'OSgXlO 13 

3'52 g X 10* 

2-83 6 x 10- 3 

ft 

3'35 2 X 10 2 

electron-volts 

1-59 X 10' 12 

23-0 

1 

2-43 s X 10 14 

8*11 X 10 s 

1*23 S X 10" 4 

ft 

7>71 q x 10 3 

v(sec. _1 ) 

6'53 5 x 10- 27 

H5 3 xr 14 

4T1 0 X 10" 15 

1 

3’33 s Xl0~ u 

3 X IQ 10 

n 

3-16 b X lO- 11 

vjcm." 1 ) 

i^xio- 14 

2-83„ X 10- 3 

l^XlO- 4 

3-00 X 10 10 

1 

1 

n 

0-950, 

X(cm.) 

T96[Xr 15 

n 

2-83 6 X 10- 3 

ft 

l^xr 

ft 

3-00 X If 

ft 

1 

n 

1 

0-950, 

n 

Tfak) 

2-06 3 x 10 _1 * 

2-98 b X 10- 3 

l'29 e X 10" 4 

HSjXlf 

i ~ T‘~i ~ ^ , 

1-05, ■ 

0-950, 

n 

1 


Hverp. f ergs. 



6i, SMOXV MOISS 




180 


LIGHT AND MATTER 


able to absorb. light quanta of frequency v 2 — Tbat tins is in agree- 
ment with, observation bas already been pointed out on p. 157, and 
the excitation of mercury vapour by successive steps takes place in 
this way. Conversely, an atom in the state E 2 ^°^y either return to 
E 0 direct, thereby emitting tbe frequency v 2 , or may return to E 0 in 
successive steps, emitting the frequencies v 2 — v x and v x . Detailed 
investigation of tbe frequencies emitted in tbe experiments described 
on p. 157 shows that this conclusion fits the facts. 

Selection Rules. — A restriction, which is of fundamental importance 
for the optical behaviour of atoms, has to be imposed on the above 
statements. It is found that certain transitions between the energy 
levels of an atom cannot be realized by absorption or emission of 
electromagnetic radiation. Suppose, for example, that an atom has 




0.96 rote 


A7>s. JSrrv. 

Fig. 47. — Diagrammatic representation 
of absorption and emission 


Fig. 48 . — Longest-wave absorp- 
tion of thallium and the corre- 
sponding emission. 


the possible states E 0 , E x , E a . . . . Then it may well happen that, 
although the state E 2 can be reached from the ground state E 0 by 
absorption of a quantum of light of frequency v 2 , the state E x cannot 
be reached from the state E 0 by absorption. The atom is incapable of 
absorbing a quantum of the right magnitude, namely hv x = E x — E 0 . 
This kind of incapacity is a fundamental property of atoms, and great 
importance attaches to the so-called selection rules that state which 
transitions between levels can actually occur by emission or absorption 
of radiation (or, as it is sometimes put, which levels can combine with 
one another). 

One case of this kind we have already met with experimentally on 
p. 157. In resonance fluorescence various metal vapours give several 
lines in emission, although they only absorb one line. The explanation 
is as follows. (Eig. 48 is drawn to scale for thallium.) If we start from 
the state E 0 , only the state E 2 can be reached by absorption. The 
state E x cannot be reached from E 0 , although the transition between 
E 2 and E x and vice versa is quite possible. Hence the vapour absorbs 
as line of longest wave-length the line of frequency v 2 = (E 2 — E 0 )/A; 
but two lines of frequencies v 2 and v 2 — v x appear in emission. If, 
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however, the vapour is heated above 800° C., the line of longest wave- 
length now absorbed has the frequency v 2 — v x . From this we must 
conclude that at the higher temperature a sufficient number of the 
atoms possess so high an energy that their collisions result in excitation 
to the state E x . These atoms, excited by collision, are capable of being 
further excited to the state E 2 by absorption of light of frequency 
v 2 — jq. Measurements of the variation with temperature of the 
intensity of the absorption line of frequency v 2 — iq prove that this 
explanation is correct. From these facts we are led to the following 
very important conclusion, which is confirmed by many further inves- 
tigations: 

The selection rules hold only for transitions involving absorption or 
emission of radiation , not for transitions due to collisions . 

In what follows we shall meet with a great many examples of this 
kind of reasoning and inference. 

Spectral Terms. — According to what we have said above, the 
energy differences between the stationary states of an atom can be 
calculated from the lines of its spectrum. The frequency of any line 
can be written as the difference between two quantities known as 
spectral terms , namely 

E^ _ 

h h' 

As we have already mentioned on p. 157, the choice of the zero from 
which the energies are reckoned is arbitrary, since energy differences 
only are observable. While for most purposes it is simplest to take the 
ground state of the atom as zero, it is customary for historical reasons 
(on account of the simpler mathematical form assumed by certain 
relationships (see below)) to fix the zero at a level which exceeds this 
by the ionization energy. (For an exact definition see p. 191). As a 
result all the states of the neutral atom have negative energy values. 

On account of the greater convenience of the numerical values 
involved, it is also customary to describe a radiation by its wave- 
number v in cm. -1 , instead of by its frequency v in sec. -1 . The two 
are related by the equation v — vjc. Thus the wave-number of a 
spectral line can be expressed as the difference of two terms , namely 
v = T m — T w , where T n = — E„/(Ac) and T m = — E m /(7ic). The terms 
so introduced are purely mathematical in character and are related 
to the energies of the atomic states in the way stated. 

15. The Stationary Energy States of the Hydrogen Atom 

We shall now turn to our main problem, which is the determination 
of the stationary states of atoms and their representation both mathe- 
matically and by means of models. Various sources of information have 
already been discussed above. Besides these, the spectral lines given 
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by atoms during absorption or emission furnish a great deal of important 
evidence, partly because of the large number of the lines and partly 
on account of the accuracy with which they can be measured. 

Spectral Series and Spectral Terms. — ¥e will first show for the 
simplest example, hydrogen, how the energy states of the atom can be 
deduced from its spectral lines. 

If hydrogen is excited to glow, e.g. in a Geissler tube, four lines 
are obtained in the visible region. They are given, with their usual 
names, in Table XVII (see also Vol. IV, coloured plate facing p. 158, 
No. 5). 


Table 

XVII.— The Visible 

Hydrogen Lines 


X = 6562-99 A. 

v = 15232-97 cm. -1 

H* 

4861*52 

20564-57 

H y 

4840-67 

23032*31 

H s 

4101-94 

24372-8. 


Up to 20 lines can also be observed in the ultra-violet. 

"When the lines are plotted in a diagram (fig. 49), it becomes clear 
that the distances between successive members decrease regularly as 


red blue violet ultra-violet 



we pass towards shorter wave-lengths. Such an array of lines is called 
a series . The members of the series become closer and closer together 
at the short-wave end, converging to a well-defined position called the 
limit of the series . The limit of the hydrogen series of fig. 49 lies at 
3645*98 A. In 1885 Balmer * succeeded in deducing the law of this 
series from the four visible lines. The series is called the Balmer 
series in his honour. His formula, in modern notation, is 



where B-k = 109677*76 cm. -1 is a constant (now called the Rydberg 
constant) and n is an integer which assumes the values 3, 4, 5 . . . for 
the successive lines of the series, beginning with H a . In stellar spectra, 
as well as in that of the sun’s chromosphere, up to 35 members of the 

* Johann Jakob Balmer (1825—1898) was a teacher in a girls’ higli school at Basle 
and lectured on descriptive geometry. 
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series Rave been found in absorption* Tbe limit of the series is obtained 
by putting n = oo, which gives — R H /2 2 . 

Further experimental investigation has revealed still more hydrogen 
lines which can likewise be arranged in series. Thus Paschen (1908) 
found some strong lines in the infra-red, the number of which was 
added to by Brackett (1922). The last worker also discovered ano th er 
series in the long-wave infra-red. In 1924 Peuxd observed a line of 
even longer wave-length. A new series was also found in the extreme 
ultra-violet by Lyman (1916). 

All these lines can be arranged in series with formulae analogous to 
the Balmer formula, the only difference being that the number in the 
denominator of the first fraction varies from case to case, as follows; 


Lyman Series: 
Balmer Series; 
Paschen Series: 
Brackett Series: 
Pfund Series: 




n= 2, 8, 4 . . . 
n = 3,-4, 5 . . . 

n — 4, 5, 6 . . . 

n = 5, 6, 7 . . . 

n — 6, 7, 8 . . . 


Here it should be particularly noted that the constant R H is the same 
for all the series, so that all the lines of the hydrogen spectrum can be 
expressed by means of one general formula 



in which m and n are integers. 

One of the essential features of this formula is that each spectral 
line is represented as the difference between two expressions of the 
form P E /a 2 , one of which is constant throughout a series, while the 
other assumes successive different values. Thus there is a parallelism 
to Bonn’s formulation, according to which the frequencies of the 
spectral lines are proportional to the differences of the energies of two 
atomic states. 

Combination Principle. — The regularities just described also throw 
light on a relationship, known as the combination principle, which had 
been discovered by Ritz long previously. Bitz noticed that addition 
or subtraction of the wave-numbers of two or more spectral lines usually 
gives the value for another line of the same atom. According to the 
above discussion, the explanation lies in the fact that each line may 
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be regarded as given by the difference of the energies (or the terms) of 
two states. Thus if we have two lines corresponding to the term- 
differences T 3 — T x and T 2 — T l5 the difference of the two wave- 
numbers, T s — T 2 , is again a possible spectral line, since T 3 and T 2 
are terms belonging to two energy states of the atom. This fact has 
already been expressed graphically in fig. 47, p. 180. 

Calculation of Terms.— The case of hydrogen may also serve to show how 
spectral terms are calculated from observed lines. We consider the following 
lines as known (wave-numbers in cm. -1 ): 

v x = 82258*27 v 5 = 15232*97 v s = 5331*52 v x0 = 2469. 

v 2 = 97491*28 Vg == 20564*57 v 9 = 7799*30 

v 3 = 102822-84 v 7 = 23032-31 
v 4 = 105290*58 

Then we have v 5 = v 2 — v z ; v 6 = v 3 — v T ; v 7 ='v 4 — v x ; v 8 — v 3 — v 2 = v 6 — v 6 ; 
v 9 = v 4 — v 2 = v 7 — v 5 ; v 10 = v 4 — v 3 = v 7 — v e = v 9 — v 8 . 

All these lines can be regarded as combinations of five terms, namely 

T x = 109677-7 T 4 = 6854-8 

T 2 = 27419-4 T s = 4387*1. 

T a = 12186-4 

Since we are concerned only with differences, all of these terms are of course 
indeterminate to the extent of an additive constant. 

In the present case, however, the term values can be worked out 
directly from the series formulae. Putting n — oo in each case, we 
obtain the values tabulated above, so that in this way the choice of 
the constant is decided. Further terms may also be calculated by 
analogy, i.e. by substituting higher integers for m in the constant 
R h /w 2 2 of the series formulae. In this way an array of terms is obtained 
like that illustrated in fig. 50, the wave-number scale of which is shown 
on the left-hand margin. This diagram is at the same time a represen- 
tation of the energy states of the atom, the lowest levels (terms) repre- 
senting the states of lowest energy. If the energy of the lowest state 
(the ground state) is arbitrarily taken as zero, then by means of the 
equation E n = — hcT n + const, the energy values given in the right- 
hand margin may be worked out. Thus the energy-differences between 
the states of the hydrogen atom can be read off directly from the figure. 

Only in the case of hydrogen can the whole spectrum be related 
to a single term-system like that given in fig. 50. For all other atoms 
the numerous and very complicated series relationships lead to several 
different term-systems. This complication will be discussed fully later 
(see Chap. V, p. 276). 

Experiment shows that the zero-point chosen above for reckoning 
term-values, i.e. the level of highest energy, corresponds to the state 
whose energy is equal to the energy of ionization. Hence this is the state 
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in which the atom lias absorbed so much energy that the electron is 
completely removed from it. 

The term-zero lies 109677*7 cm.- 1 above the ground state. Since 1 cm.” 1 = 
1*23 X 10“ 4 electron-volt (Table XVT, p. 179), the corresponding energy difference 
is 13*53 electron-volts. Xow from observations of resonance potentials (p. 51) 
it is possible to determine the stationary states of the atom empirically. Table 
XVIII contains the values deter m ined by Compton and Olm stead (cf. Eg. 50). 



Fig. 50 . — Term and energy level scheme for the hydrogen 
atom. The arrows indicate absorption 


Table XVIII. — Determination of the Energy Levels of the 
Hydrogen Atom from Resonance Potentials 


n 

Volts (observed) 

Volts (calculated) 

n 

Volts (observed) 

Volts (calculated) 

2 

10-15 

10-15 

6 

13-2 

13-16 

3 

12*0 5 

12-03 

7 

13*3 

13-26 

4 

12 7 

12-69 

— 

— 

— 

5 

13*0 

13-00 

CO 

13*5 

13-53 


The table also contains for comparison the values calculated from the generalized 
Palmer formula. We see that the theory is actually in good agreement with the 
facts. 
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Inspection of fig. 50 stows tliat the members of a series of emission 
lines are due to transitions from atomic states of different energies to a 
common end-state . Since emission series can also be observed in absorp- 
tion, it follows also that a series of absorption Vines is due to transitions 
from one and the same lower energy-level to different higher levels. As 
was explained above, the limit of an absorption series corresponds to 
the process of ionization of the atom. Since this limit is taken as the 
zero from which term- values are reckoned, a knowledge of it enables us 
to calculate the value of the lowest term involved in the series. In 
this way the term-value of the ground state is obtained, and if we 
take the energy of this state as the zero of reference, the relative energies 
of other states may be calculated from the term-differences, which 
are the only quantities accessible spectroscopically. 

16. The Rutherford -Bohr Model of the Atom 

As has already been explained on p. 36, Lexaed discovered that 
a large part of the effective volume of an atom is “ empty ”, i.e. that 
the material constituents of the atoms are concentrated within a very 
small space, which can be calculated from his experiments. On 
LestamFs view, each atom consists of “ dynamids ”, i.e. pairs of 
elementary positive and negative charges. The view now accepted is 
due to Eutherford (p. 82), who proved by experiment that all 
the positive constituents of the atom are closely concentrated in 
a region with a radius of about 10 -12 cm. (the nucleus). Thus the 
whole atom with its radius of about 10~ 8 cm. consists of a nucleus, in 
which the positive charge and nearly all the mass are situated, and a 
number of surrounding electrons. 

If elementary positive and negative charges are regarded as point- 
charges, it is impossible on purely classical principles (i.e. by applying 
the Faraday-Maxwell theory of macroscopic electric fields) to 
construct an atomic model possessing the properties just outlined. It 
is clear that the attractive force between the oppositely-charged con- 
stituents must be balanced by a force tending to keep them apart. 
In the case of heavy particles the only compensating force of this kind 
is a centrifugal force, analogous to that which makes the orbits of the 
planets in the solar system stable. 

In the electrical case of the atom, however, such a model is not 
stable. An electric charge rotating in an orbit (i.e. moving with an 
acceleration, Vol. I, p. 52) must, according to classical theory, radiate 
electromagnetic energy into space in the form of waves. This loss of 
energy would have to be derived from the internal energy of the atom. 
This means that the electron, like a planet moving through a viscous 
medium, would fall into the nucleus. The fact that atoms can exist 
for extended periods without radiation of electromagnetic waves proves 
that, if we hold to the experimentally well-founded view that the 
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elementary charges are points, it is impossible to construct a satisfac- 
tory atomic model on classical principles. 

Bohr* put forward an atomic model harmonizing with the ob- 
served properties discussed above. He retained the idea of negative 
point-charges circulating in orbits about a positive nucleus; but, 
building upon the experimental facts, he introduced the new hypo- 
thesis that certain dynamical arrangements of the charges (in par- 
ticular certain orbits of the electrons) are stable in the sense that they 
can continue to exist over extended periods without radiation of elec- 
tromagnetic energy (so-called stationary states ). This hypothesis was, 
of course, in direct contradiction to classical ideas. The stationary 
states derived from the model must naturally agree, as far as their 
energy differences are concerned, with spectroscopic observation. In 
particular, the relationship between 
emitted frequency and energy loss 
must be fulfilled. 

The quantitative realization of 
Bohr’s theory was made possible by 
applying the discovery (made by 
Planck in connexion with heat radia- 
tion, p. 150) that an atomic harmonic 
oscillator of frequency v can only 
absorb or emit energy in integral 
multiples of a quantum of magnitude Fig - ^cnStS/° r the 

hv. When applied to the planetary 

model of nucleus and electron (so-called rotator), this quantum condi- 
tion becomes as follows. The angular momentum of the electron about 
the nucleus can only assume values which are integral multiples of an 
elementary value. 

This is often expressed by saying that the angular momentum is 
quantized. 

Quantum Conditions for the Oscillator and the Rotator. — A short account 
•will now be given of the basis of the calculation of the stationary states for the 
harmonic oscillator and for the rotator. We begin by considering a linear har- 
monic oscillator, a particle of mass m which can be displaced to either side of a 
mean position and which is acted upon by a restoring force proportional to the 
displacement. Its proper frequency v is then independent of the amplitude a. 

The displacement of the particle as a function of the time t is given by 
q = a sin 2ttv£. We also wish to consider the momentum p, which is given by 
p z= mv = m.dq/dt = 2rcvnta cos 2-ivvt. In fig. 51 this momentum is plotted as 
a function of the displacement of the point, i.e. p is plotted against q, with 
rectangular axes. At its maximum displacement the particle is momentarily at 
rest, so that its momentum is zero. The maximum velocity, and hence the maxi- 
mum value of the momentum, are attained on passing through the mean position 
(q = 0). Since the momentum involves the first power of the velocity, the sign 

* Niels Bohr, born 1885; Nobel Prize winner; professor of theoretical physics at 
Copenhagen. 
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of the momentum changes with the sense of the motion. Thus in the ^g-plane 
(the so-called phase-plane) we get a closed curve like that shown in fig. 51. Elimi- 
nation of t from the above equation readily shows that this curve (the so-called 
phase diagram) is an ellipse, since the equation between q and p is 


£ 2 4 - Vl = 
a* ^ 62 


1 , 


where b = 2tc vma. 

Now according to Planck; the experimental investigations on heat radiation 
prove that only those states of an oscillator are possible whose energy differences 
relative to the ground state are integral multiples of an elementary quantity of 
energy Av. Applied to our phase diagram, this means that only a certain family 
of discrete ellipses is possible, and this family must be such that the differences 
between the energies corresponding to the different ellipses are integral multiples 
of Av. The energy of an oscillator is the sum of its kinetic energy E krn . and its 
potential energy E pot .. As the particle passes through its mean position, E pot< 
becomes zero and E kiB . = ^ m . a 2 (2Tcv) 2 = abizv. But abrz is the area of the ellipse, 
which must therefore be equal to W/v, where W is the energy of the oscillator. 
We see that the area of the ellipse is proportional to the energy, and that, there- 
fore, according to Plancbi’s theory the only ellipses possible are such that the 
areas of successive members of the family differ by the constant area A (see fig. 
52). The permitted ellipses are all similar, since h/a — 2rcvm — constant. 

Hence if AW is the difference of energy between two successive permitted 
states of the oscillator, then A = AW/v and AW = Av. The energy of the ?ith. 
state is given by W n = W 0 -{- nhv, the successive states being denoted by 0, 
1, 2, 3 . . . from the ground state upwards. Thus the oscillator can only exist in 
certain definite stationary states, each of which is characterized by a certain 
ellipse in the phase-plane. Any alteration of the energy of the oscillator by absorp- 
tion or emission must involve transition from one permitted phase ellipse to 
another. 

The constant W 0 in the formula remains indeterminate. It is found, however, 
that if the oscillator is to persist as such its energy must not fall below a certain 
lowest level. As will be explained more fully later, this so-called zero-point energy 
comes out as equal to ^Av. 

The energy of the nth permitted state of a linear harmonic oscillator 
can therefore be written in the general form 

W n = (n + i)hv. 

In general (i.e. for a different mechanical system) the phase diagram 
will be of a different form. If we apply the formula J = J ydx for the 
area included between a curve y = f(x ) and the x-axis, the area of the 
closed phase diagram will be given in every case by the so-called phase 
integral 

J = <^>p dq, 

in which the circle through the integral sign indicates that the 
integration is to be taken once right round the closed curve. 

If we generalize the quantum condition deduced above for the 
oscillator, the corresponding condition for any system can be formu- 
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lated as follows: The difference between the phase integral of any two 
successive permitted states must be equal to h, i.e. 

AJ — h or J n = J 0 -f- nh . 

This condition holds in the general case for each degree of freedom of the 
system (Vol. II, p. 41). From the continuous range of mechanically possible 
motions it selects a discrete number of ce quantized ” motions as the only ones 
corresponding to stationary or permitted states of the system which are attainable 
by spontaneous adjustment. 

The fact that these discontinuities cannot be detected in the case of ordinary 
mechanical systems is due to the extreme minuteness of the quantities of energy 
involved. The energy quantum for visible light (X = 5000 A.) is Tiv — 3*92 X 10“ 13 
erg. Even for the shortest y-rays (X = 10“ 12 cm. approx.) hv is only 2 X 10~ 4 erg. 
These, then, are respectively the mean and the maximum amounts of energy 
involved in atomic processes. They are extremely small relative to the energies 



Fig. 52. — Representation of the per- Fig. 53. — Phase diagram for 

mitted energy states of an atomic oscil- the rotator 

lator in the phase plane. 


involved in macro-mechanical processes, so that these processes show no sign 
of quantization. The difference is of the same kind as that met with in connexion 
with the structure of matter, where the macroscopic point of view gives the 
impression of a continuous character, though the underlying atomic or molecular 
structure is discontinuous. 

Owing to its importance in connexion with the atomic model, we must also 
consider the quantization of the rotator, i.e. a system in which a particle of mass m 
moves uniformly on a circle of radius a about a fixed centre. As q, the co-ordinate 
of position, depending on the time t , we take the angle cp described at the centre 
by the radius to the point. At time t = 0 we make cp == 0. Then we have 
E kin _ = bma ci (dq/dt) 2 and E pot . — const., the radius a being constant for each 
stationary state. The corresponding momentum p y given as for the oscillator 
(p. 187) by the general formula 



is here p = f ma?‘{dqldt ), i.e. the angular momentum or moment of momentum of 
the point about the centre (see Vol. I, p. 136). This is constant for each stationary 
state. The phase diagram in the ^g-plane is therefore a straight line parallel to 
the g-axis (fig. 53). One end of this line joins on to the other end after each revolu- 
tion, however, since the phase of the rotator is repeated with the period 2 tc. The 
course of the motion in the phase-plane can best be pictured by imagining this 
plane rolled in to a cylinder of circumference 2tt. Then as the particle makes one 
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revolution in its actual circular orbit, the corresponding point on the phase 
diagram passes once round the circumference of the cylinder, thereby arriving 
at its starting-point again. 

The various permitted states of the rotator have different ^-values, i.e. are 
represented on the phase-plane by parallel straight lines of length 2tv at different 
heights above the <?-axis. The area lying beneath the nth phase-line is 2rrp n . 
According to the quantum condition, the corresponding area for the next per- 
mitted state must be given by 2np nJhl = -J~ h, Putting p 0 = 0 for the 

lowest state (the justification for this will be apparent later), we obtain 

2t vp n = nh . 

Thus for a particle moving in a circular orbit the angular momentum 
must be an integral multiple of Ji/(27t) — 1*04 X 10~ 27 erg-sec. The 
kinetic energy of the rotator is 

Hence, since v = — 

2 77 at 

^ hv 

= n ^ 


where v is the frequency of rotation of the rotator. 

The energy of the rotator is seen to be quantized in half-energy 
elements or half quanta, each of magnitude \hv. 

The Bohr Model of the Hydrogen Atom. — In its simplest form the 
model is as follows. An electron of charge — e and mass m moves with 
constant linear velocity v or constant angular velocity co in a circular 
orbit of radius a about a nucleus of charge -f-Ze and mass M. The 
attractive force between the electron and the nucleus is given by the 
inverse square law. The nuclear mass M is assumed to be so large that 
the mass m of the electron is relatively negligible, and no account is 
taken of the change of the mass of the electron with change of velocity. 

Por each stationary state there is equilibrium between the electrical 
force of attraction and the centrifugal force acting upon the electron. 
Hence by Vol. I, p. 79, and Vol. III, p. 16 we have 


mv* 9 Ze 2 

= mvco — maco 2 — — 


(i) 


Now for a rotator the angular momentum p must be an integral 
multiple of A/(27r). Hence 

nh .... 

p = mva = ma~to — , (n) 

2i7T 

where n is an integer. Division of (i) by (ii) gives 

2-7rZe 2 

v = aco = — - — , 
nh 
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which, on substitution in (ii) yields the result 

_ n 2 h 2 _ 

4'7r 2 mZe 2 5 °* n z h z 

The period of revolution is given by 

2tt n z h 3 

T co AzT^rnZPe^' 

The important result is that the orbital radius a can only assume 
certain definite values and that these are proportional to the squares 
of the natural numbers. The number n is called the quantum number 
of the orbit. 

Since for hydrogen we have Z = 1, the radius of the first permitted: circular 
orbit becomes — 7i 2 f(4zrc 2 me 2 ). The corresponding velocity of the electron is 

v 1 =2rce 2 /h or, expressed as a fraction of the velocity of light, 0 *= ^ = 2ne^/(hc). 
Substituting the numerical values, we get ° 

a x = 0*528 X 10~ 8 cm.; oq = 0 00728. 

The atomic diameter thus obtained (about 10~ 8 cm.) is in good agreement with 
experimental results on the size of atoms (Vol. IX, p. 53) derived from quite 
different considerations. 


The total energy W of the atom is given by W = E Hn -j- E pot- . 
Now we have 

-r-p 1 2 27r 2 mZ 2 e 4 

Ekin. = fmt> 2 = 


and 


Hence 


Epot. — 


Ze 2 

a 

W = 


47r 2 mZ 2 c 4 


n 2 h 2 

27r 2 mZ 2 e 4 1 


2Efc 1 y t ,. 


h 2 




We see that the energy values of the system in the different states 
are inversely proportional to the squares of the respective quantum 
numbers and are negative in sign. 

According to this the energy becomes zero for n — oo , i.e. for an orbit with 
infinite radius, which means that the electron is completely removed from the 
nucleus or, in other words, the atom is ionized. For all orbits of finite radius the 
energy, reckoned relative to this zero, must be negative in sign, i.e. must be lower 
than for the orbit of infinite radius. The energy is lowest for the first quantized 
orbit (n = 1 ) and becomes higher as the quantum number increases. Thus we 
arrive in a rational way at the mode of reckoning energy already mentioned on 

p. 181. 
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Energy must therefore be supplied to the atom in order to cause 
the transition of an electron to an orbit of higher quantum number. 
On the contrary, when an electron “ falls ” from an orbit of higher 
quantum number to one of lower quantum number, the atom gives 
out energy. 

The model satisfies the experimental requirement that the atom 
shall exist in stationary states of definite energy. It is not compatible, 
however, with classical electrodynamics, because the electron does not 
radiate electromagnetic energy continuously in the course of its cir- 
cular motion. By analogy with the behaviour first observed in con- 
nexion with heat radiation, a new assumption is made in this atomic 
model, namely, that there is no radiation from those orbits (stationary 
states) selected by the quantum conditions. 

According to Bohr’s second postulate (p. 176), the emission of 
light is due to the transition from a stationary state or permitted orbit 
of higher energy to another of lower energy W m , the energy dif- 
ference W n — W m being radiated out in the form of monochromatic 
light of frequency v = (W n — ~W m )/A. 

Substitution of the values obtained above for W n and W w gives the 
following expression for the wave-number v or v/c: 

where Roo= 27r 2 me 4 /(cA 3 ). 

Inserting the numerical values of the quantities involved, we 
obtain 

R^ = 1*097 X 10 5 cm.- 1 . 

Tlie subscript oo is put in to show that the mass of the nucleus is considered 
to he infinitely great relative to that of the electron. 

In the case of hydrogen (Z — 1) the above formula gives fox the permitted 
spectral lines the very same frequencies as are given by the empirical generalized 
Balmer formula (p. 183). The quantitative agreement between the calculated 
value of the numerical factor R and the observed value encouraged the wider 
application of the theory, in spite of its break away from classical electrodynamic 
ideas. Many phenomena found surprisingly simple explanations in the light of 
the theory, the inception of which marked the beginning of a quite extraordinary 
development of atomic physics. Even the shortcomings which soon became 
apparent in the theory could not stop this development, but merely led to suitable 
improvements and extensions. 

Fig. 54 gives a diagrammatic representation of the mechanism underlying 
the emission of the different lines of the hydrogen spectrum according to the 
model just described. This is really essentially the same as the diagram of fig. 50, 
p. 185; the latter has the additional advantage that quantitative information can 
be read off directly from it. 

Nucleus of Finite Mass. — So far the mass M of the nucleus has been assumed 
to he infinitely great relative to m , that of the electron. If this assumption is 
dropped and both masses are regarded as finite, then account has to be taken 
of the fact that the motion of the system takes place about its centre of gravity. 
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which does not coincide w T ith the centre of the nucleus. Both the electron and 
the nucleus now move in orbits about their common centre of gravity, though 
on account of its greater mass the nucleus moves only to a relatively small 
extent. When this effect is taken into account, the formulae obtained are 
modified in that the reduced mass p — Mm/(M -f m) appears in place of 
Thus we obtain 

ft = 27r 2 p.e 4 _ 27r 2 me 4 R^ 

cA3 <W l+ ») 1+ _ 

\ JV1/ ^ M 


The significance of this modification does not lie so much in the small correction 
which it involves in the value for the Rydbeeg constant for hydrogen, since this 
correction lies within the limits of error of R as calculated in this way (but see 
later the case of the hydrogen isotope of mass 2). Rather does the significance of 
the modification become apparent in the application of the expression to the 
one-electron systems of other elements, a matter which will now be discussed. 

Spectra of One-Electron Systems. — 

The model described above is not re- 
stricted to the hydrogen atom, but 
applies quite generally to all systems 
in which one electron circulates about 
a positively- charged nucleus. Such a 
system is, for example, the helium ion 
3fe + . It has already been shown that 
the mass of the helium atom is four 
times that of the hydrogen atom and 
that its atomic number is Z = 2, i.e. 
that it consists of a nucleus of mass 4 
with a double positive charge and two 
electrons circulating round it. In the 
ion one electron has been removed, so 
that we are left with a system consist- 
ing of a nucleus of mass 4 with a double 
positive charge and only one electron circulating round it. Similar one-electron 
systems are Lf++, Be+~ t ~ + , and the nuclear charges and masses being given 

by the respective atomic numbers and atomic weights. As can be seen from the 
formulae, increase of the nuclear charge Z results in a corresponding decrease in 
the radii of the permitted orbits and a large displacement of corresponding lines 
(i.e. lines involving the same quantum numbers n and m ) towards shorter wave- 
lengths. Many of the theoretically-predicted lines have actually been found 
experimentally at exactly the positions required by the calculations. In the 
case of He+ the series with the terminal quantum numbers 4 (Pickering), 
3 (Fowler), 2, and 1 are known. The first two lines of the Li 4- ^ series with 
terminal quantum number 1 and the first line of the corresponding series for 
Be ++ + have also been observed (Ed lex and Ericson). The last named lies at 
A = 75-94 A., i.e. on the border of the X-ray region. 

Every alternate line of the He 4- series 


Ultra-violet 
Series (Lyman) 



JB aimer 
Series 


Series ( Paschen ) 

Fig. 54 . — Diagram showing the production of the 
hydrogen lines according to the Bohr model 


“Ci-ii-ix;)'] 


coincides with a line of the Balmer series of hydrogen. As we see from the for- 
rnuhi, as written above, this coincidence occurs for those He 4 lines for which n 
is even. For this reason the series in question was previously ascribed to hydrogen 
and half-integral values (A/?) were used in place of n. The conditions of produc- 

( E i) f> 7 > 14 
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fcion prove, however, that the lines are due to helium, and in the following way it 
was actually found possible to demonstrate that they really do belong to this 
element. There must be a small difference in the frequencies of the nearly coin- 
cident He + and H lines because of the difference in the Eydbeeg constant arising 
from the difference in the nuclear masses. According to the formula given above, 
the Rydberg constant for hydrogen must be smaller than that for helium, i.e. 


Rh 


R 


Rf 


1 + 




R 


m 


Hence the frequencies of the He + lines must be proportionally greater, i.e. the 
lines must be displaced towards the violet relative to the corresponding H lines. 
Accurate measurements actually show this displacement, the observed mag- 
nitude of which is exactly that predicted by the theory (in the visible about 2 A.). 


Spectroscopic Determination, of e/m for the Electron.— Since the 
Rydberg constant R can be determined very accurately from spectro- 
scopic data — the accuracy of measurement being among the highest 
yet attained in the whole of physics — the result can be used to obtain 
an accurate value for a quantity involved in R. It is further possible 
to determine a very accurate value for e/m from spectroscopic deter- 
mination of R h and R He . From the formulae given above, 

m R„ Rt4 

071-vt -Rff ^"-Rjgj 

Again, the quantity e/m H (the electro -chemical equivalent charge or 
faraday (Vol. Ill, p. 157)) is very accurately known. From these data 
the value of e/m can be determined very precisely, using the equation 

e m 


m m u m lT 

With R h = 109,677*759 ± 0*008 cm.- 1 and R £r , = 109,722*403 ± 0-004 
cm.- 1 we obtain 

— = (1-761 + 0*001) X 10 s coulombs /gm. 

(cf. Vol. Ill, p. 321). 

Continuous Spectra beyond Series Limits. — Regions of continuous spectral 
emission are observed on the short-wave side of the limits of the Baliyier and 
Lyman series. These are due to the existence of states of higher energy than that 
corresponding to an infinitely large quantum number. J n terms of the model 
these energy states are represented by electrons moving in parabolic or hyper- 
bolic orbits. Electrons with excess kinetic* energy approach the nucleus, c urve 
round it once, and then fly off again. Since these motions arc 1 not periodic they 
are not quantized, but form a continuous range* of energy values. If such an 
electron is captured by the ion in the encounter, its final state* must be- a stationary 
one, i.e. it must take up a quantized orbit. The excess energy which the electron 
possessed before being captured is radiated as monochromatic* light; but since 
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all energy states above that of quantum number n — oc are possible, the observed 
spectrum is the additive result of many such emissions, he. is a continuous spec- 
trum extending towards shorter wave-lengths from the limit of that series whose 
constant term corresponds to the quantum state in which the electron is captured. 


The Correspondence Principle. — According to Maxwell’s electro- 
dynamics, an electron moving in a circular orbit would necessarily 
radiate an electromagnetic wave whose frequency would be identical 
with the orbital frequency (Yol. Ill, p. 622). We may write this 
“classical” frequency as u cL = 1/t, where t is the periodic time of the 
orbital motion. In the Bohr atomic model the frequency emitted is 
not connected in this way with an actual orbital frequency, but with 
the energy difference between stationary states. But we know that 
the laws of classical electrodynamics are satisfactorily obeyed in the 
case of long electromagnetic -waves (say from A — 0*01 mm. upwards). 
Hence it is to he expected that if the Bohr atomic model really does 
represent the essential features of the behaviour of atoms, it will 
approximate to the classical model for these relatively low frequencies. 
This, indeed, is actually the case. 


For transitions between quantum numbers which are relatively very high 
(e.g. 21 and 20) the emitted frequency coincides very nearly with the actual 
frequencies of rotation of the electron in these orbits. If v = vc is the frequency 
in sec. -1 , we may write 


v = cRZ 2 



1 \ = cRZ > ( 2n + Aw) An 

( n -f- An) 2 / n 2 ( n -f- An) 2 


Where An is small compared with n (e.g. 1 compared with 20), we have approxi- 
mately 


v ' cRZ 2 


2 An 


or if An — 1, 


2cRZ 2 


v < — — ' — 

n 


3 


Now according to p. 191 


1 = 47r 2 n/Z 2 e 4 = 2RcZ 2 

t n 3 A 3 n 3 


But 1/t — v c i., so that we have — - v c p. For high quantum numbers, therefore, 
the frequency of the light emitted when there is a change of unity in the quantum 
number asymptotically tends to the frequency of rotation of the electron in the 
orbits concerned. If A?^ > 1, but An still n, then 


2RrZ 2 . 

v A n = 


v c i. A ?l. 


i.c. in the region of very high quantum numbers the quantum transitions in which 
the quantum number changes by several units correspond to the respective over- 
tones or harmonies of the orbital frequency of the electron. 


From this analogy Bohr drew a very important conclusion, known 
as the correspondence principle, which was of great importance in the 



19G 


LIGHT AND MATTER 


early stages of the development of the theory of atomic structure. 
It may he expressed as follows: For large quantum numbers n the 
behaviour of the atom asymptotically tends to that which would be expected 
on the basis of classical electrodynamics . For large quantum numbers, 
therefore, it is possible to calculate the intensities and polarizations of 
the emitted radiation — properties about which the atomic model, as 
hitherto described, tells us nothing. For smaller quantum numbers 
these calculations remain approximately valid, i.e. the classically- 
computed data on intensity and polarization can be transferred approxi- 
mately to the corresponding lines given by the atomic model. 

Thus the correspondence principle is only an approximate rule, 
and it involves many indeterminacies which cannot be discussed here. 
The problem of the direct calculation of the intensity and polarization 
of the light emitted by an atom was first solved in a different way 
(p. 272); but the correspondence principle was of very great service 
in the development of the theory. In particular, it enables us to predict 
with certainty which transitions are forbidden, i.e. it leads to certain 
selection rules, as required by experiment (p. 180). Actually the follow- 
ing general rule is found to hold: A spectral line is forbidden in emission 
if the corresponding harmonic component does not occur in the Fourier 
series of the classical periodic process . Some examples will be dealt 
with later (p. 204). 

An important consequence of this may be pointed out here. The periodic 
process, as far as we have hitherto treated it, is a circular orbital motion, the 
orbit being given by x = a cos27rv c i.£, y = a sin27tv c iA where v c i. = 1 / t . The 
emitted spectrum consists of the fundamental only; the amplitudes of all the 
harmonics 2v, 3v, . . . are zero. As seen by an observer in the ^-direction, the 
light is circularly polarized. Now the transitions An 7> 1 correspond, as was 
noted above, to the harmonics of the transition An = 1. These harmonies are 
absent in the case of the circular orbit, and we must therefore conclude that 

quantum transitions with An > 1 are forbidden when the orbits are circular. 

Actually, however, transitions with An > 1 arc observed as the higher members 
of series. This must mean that our atomic model is too simple and requires modi- 
fication. The necessary modification may be introduced by allowing elliptic 
orbits for the electron. The periodic processes in the x- and ?/- directions can then 
be analysed into Fourier series (Vol. II, p. 223), namely 

x = a cos2t vvt + a' cos4ttv£ -(- a" cos iS~vt . . . 

y = b sin27Tv£ -f- b' sin4-n:v£ 4- b" sinGirv^ -\- . . . 

Thus all the harmonics are present as harmonic components. Hence by the corre- 
spondence principle all transitions between elliptic orbits are permitted, though 
of course with different probabilities. We must therefore go on to consider this 
modified atomic model. 


Atomic Model with Elliptic Orbits. — From the existence of sharp 
spectral lines it is obvious from the start that the same quantization 
must hold for elliptic orbits as for circular orbits, i.e. only certain 
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ellipses (stationary states) out of tlie continuous range to be expected 
on classical principles are possible. We have accordingly to find the 
quantum conditions. 


An ellipse is determined by two parameters, e.g. by its major and minor axes 
a and b respectively. Tims we have a system with two degrees of freedom and 
must therefore consider two phase integrals (see p. 188). It is convenient to 
introduce polar co-ordinates, i.e. to characterize each point on the orbit by means 
of (i) the magnitude of the radius vector to it from the focus, and (ii) the azimuthal 
angle 9 described by this radius relative to some zero position. The quantum 
conditions can then he written: 


(j)p<l>dcp — n^h and cj)p r dr — n^h 


(see p. 188). Thus we resolve the motion into two periodic motions, a non-uniform 
circular motion and a non- harmonic oscillation along the radius vector.* The 
motion is completely analogous to that of a planet in its orbit. According to the 
theorem of equal areas for central orbits (Vol. I, pp. 51 and 174), the angular 
momentum p $ is constant, i.e. p<f> = mr^dy/dt = const. Hence the value of the 
phase integral is given by 

p<f> <£ dc? — 2 7rp<£ — n^h. 


The radial momentum, p r = mdrjdt , is not constant, and the phase integral 
can only be calculated by more complicated methods. The result obtained is 




1^ = n } h, 


where e is the numerical eccentricity of the ellipse. Putting -J- 71 r = n, we 
obtain the value 



from the above equation. 

The orbit with — 0, for which the electron would oscillate on a straight line 
through the nucleus, is here excluded as having no physical meaning. Hence 
71't, can only assume the values 1 to n, while n r can only assume the values 0 to 
(n — 1 ) (see p. 2(57). The sum of and n n i.e. n, is called the principal quantum 
71 umber. 

We are particularly interested in the shapes of the permitted ellipses and the 
energies of the atom in the corresponding stationary states. We may proceed in 
essentially the same manner as for circular orbits. At every point of an orbit 
there must be equilibrium between the electrical force of attraction and the 
centrifugal force. In particular we consider aphelion (i.e. the position of greatest 
distance from the nucleus), distinguishing the quantities relating to this point by 
the subscript A. We have 

?ni ' A 2 Ze 2 

Pa 'a 2 ’ 


* The two quantum numbers /!<}* and w r are often referred to as the azimuthal and 
radial quantum number respectively. 
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where p A is the radius of curvature of the orbit at the point A. Now for an ellipse 
it can be shown that 

Pa = ~ = a(l — s 3 ) 

and that 

= a( 1 + e). 

Hence we may write 

mv* 2 Ze 2 

o(T— s 2 ) _ « 2 ( l V ef 2 W 

As in the case of circular orbits, we must also apply the quantum conditions* 
We have seen above that one of these may be written 

= n^h. 

Since p<f> is constant, we may substitute in this the value for aphelion, i.e. 
mr^dcp^/dt. Now the element of angle dcp is equal to dsjr , where ds is the corre- 
sponding element of arc on the orbit. Hence we have 

d cp A _ dsj^ __ JL v 
dt r A dt r A A 

The value of p§ at aphelion is therefore rar A a t> A /r A = mr^v^ and the quantum 
condition above becomes 

2rcmr A v A = ?i ^h. 

Substituting rA = «(1 + e), we obtain 

2Trma(l -f- s)u A = n&h, 

which is an expression involving both the quantum numbers n $ and n r , since e 
contains n r . Squaring and substituting the value of v A 2 from equation (i) at 
once gives 

a = 

4TT 2 7«Ze 2 (l — £ 2 )’ 

whence, by substituting the value of (1 — e 2 ) from above, we have 

h 2 

a — - ?i 2 . 

f% 4~ 2 mZe 2 


Utilizing the relation b 2 = « 2 (1 — s 2 ), we obtain 


b = 


a 


n 


To calculate the total energy W we may again use the values at aphelion, 
since W is constant. We have 

W = E kilu ■+ E pot . = Unvj 2 ~ , 

r A 

which, if we substitute the values of i> A 2 and r A , becomes 


m Ze 2 (l — s 2 ) Ze 2 __ Ze 2 

2 wiflflTsp a (l -h e) “ ~ 2 a 


Inserting the value obtained above for a , we finally obtain 




2jz 2 mYJe* 1 
h 2 * w 2 ’ 



RUTHERFORD-BOHR MODEL OF ATOM 


199 


A.n exactly similar calculation to that given on p. 191 for circular 
orbits shows that the wave-number of the light emitted when a tran- 
sition between two stationary states takes place is given by the formula 



where the constant R has the same value as before. The impor- 
tant point of this discussion is that the total energy of a permitted 
elliptic orbit is determined solely by the principal quantum number 
and is equal to the energy of the corresponding circular orbit. Thus 
all ellipses with the same principal quantum number have the same 
energy, no matter what their shape is. According to the model, there- 
fore, a given spectral line may be produced by a number of different 
but equivalent transitions, between vrhich the model (as hitherto con- 
sidered) gives no means of distinguishing. Although the system pos- 
sesses two degrees of freedom, one quantum number suffices to deter- 
mine the permitted energies. Such a system is said to be degenerate. 
The degeneracy is removed, i.e. the previously equivalent states be- 
come distinguishable and different as regards energy, when external 
electric or magnetic fields are superimposed upon the Coulomb field. 
In the case of complicated atoms the internal atomic field may suffice. 
Under these circumstances the lines emitted by different transitions 
between the same principal quantum numbers no longer coincide. 

It is a matter of importance for subsequent work to consider in more detail 
the different types of orbit which correspond to a given principal quantum 
number. We have n = n $ -J- n r , the case 7i$ = 0 being excluded (see above). 
It follows at once from the eccentricity formula above that when n r = 0, i.e. 
n = tl$, the orbit is circular. For uniformity with the customary spectroscopic 
notation (the justification of which will become apparent on p. 267), it is con- 
venient to use the quantity l = 7i$ — 1 instead of This number l, like n r , 

can assume all values from 0 up to (?i — 1). The numbers I, ?i r , and ?i are con- 
nected by the formula 

l -j- n r — ?i — 1. 

The possible values of l, n T , and the major and minor axes of the elliptic orbits 
p.nrrpsnnnflino' t.o different nrinrinal minn+um numbers w. are therefore as follows- 
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The ellipses are drawn to scale in fig. 55. The numbers attached to the different 
orbits give the corresponding values of n and l. Thus 3 X means n = 3, l == 1. 

We see that the orbits with l = 0 differ most from circles. Hence it is for 
these orbits that we shall expect external fields to have their greatest effect in 
splitting up energy states which are otherwise indistinguishable. 


Effect of the Variability of the Mass of the Electron.— Tor elliptic 
orbits, as for circular orbits, we have seen that the energy depends upon 
one quantum number, the principal quantum number. According to 
this every transition between two given principal quantum numbers 
must correspond to the same energy (i.e. must give emitted light of 
the same frequency), no matter what the shapes of the orbits. Actually, 
however, experiment shows that the lines of the hydrogen spectrum 
are not simple, but consist of assemblages of very close components: 



Fig. 55. — Elliptic orbits for a one- 
electron system 



Fig. 56. — Fine structure of the He + 
line 4686 A. (after Paschen) 


they are said to possess a fine structure (compare Vol. IV, pp. 194, 197, 
also Plate XV, facing p. 196). Fig. 56 shows the fine structure of the 

line arising from the transition v — 4R^^ — \ for the helium ion He + , 


which is also a one-electron system with the same model as H. The 
model, as hitherto considered, is thus unable to account for all the 
features experimentally observed. This is presumably due to the sim- 
plifying assumptions which have been made. One of these assump- 
tions is that the mass of the electron is constant. It has been 
experimentally shown that the mass of the electron increases with 
increasing velocity (Vol. Ill, p. 322, and this volume, p. 227). 
Now of all the orbits with a given principal quantum number the 
circular orbit has the greatest circumference. Since the time of 
revolution is the same for all the orbits with a given value of n 9 
the average velocity of the electron, and hence its average mass, 
must be greatest for the circular orbit. This variability of mass 
may be expected to affect the energy values of the variously-shaped 
orbits, and calculation shows that this is actually the case. If W (> 
is the energy obtained without taking account of the variability 
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of mass, the value W obtained when due account is taken of it was 
proved by Sommerfeld to be 


W = 


W 0 



where a, the fine structure constant , is the velocity in the first Bohr 
circle expressed as a fraction of the 
velocity of light, i.e. a = 2rre 2 / (he) . 

Thus the degeneracy is removed by 
the variability of the mass of the 
electron: W is no longer determined 
solely by n. In the elliptic orbits the 
change of mass of the electron with 
velocity is particularly evident where 
the velocity is greatest, i.e. in peri- 
helion (the position of closest approach 
to the nucleus). The result is that 
the electron does not retrace exactly 
the same orbit at each successive 
revolution, but moves in a rosette 
(see fig. 57). By what has been said 
above, the term displacement arising 
from the variability in the mass of the electron is given (in cmr 1 by 



Fig. 57. — Effect of the variation of 
the mass of the electron with velocity 
upon the nature of the orbit. 


AT = Ra 2 | 




- 1 cm. 


-1 


For hydrogen the effect is of the order of magnitude of fractions of 
1 cm. -1 , but it increases very rapidly as Z increases. 

It is found that this refinement of the model does actually account 
for experimental observations. But the model still has defects. These 
are to a large extent removed by the introduction of the idea of 
electron spin (see pp. 210, 312). The theory of the electron which 
is most widely accepted at present is that due to Dirac, whose treat- 
ment takes account of the theory of relativity. 

Spatial Orientation of the Electron Orbits.- — If a special direction is 
fixed in space, e.g. by the application of an external electric or magnetic 
field, the energy of the individual orbits depends 011 their inclina- 
tion to the direction of the field as well as on the strength of the field. 
Experiment shows that in these cases (Stark and Zeemax effects) 
there is a splitting up of the emitted spectral lines into a number of 
sharply-defined monochromatic components. From this we must 
conclude that there is a quantum condition which permits only certain 
discrete orientations relative to the field-direction out of the con- 
tinuous range to be expected from classical considerations. 
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Henc-e for the solution of this problem we require three quantum numbers, 
corresponding to the three degrees of freedom of the system in space. To begin 
with we shall assume that the external field is extremely weak, so that it may 
merely serve to fix a special direction in space without appreciably altering the 
energy values of the system. The motion therefore is confined to one plane, and 
the orbit is an ellipse, as before. 

The position of the orbital electron in space may be expressed by means of 
the three-dimensional polar co-ordinates r, 0, and (radius, colatitude, and longi- 
tude respectively). Hence there are three phase integrals and three quantum 
conditions to be fulfilled, namely 


= neh; 


(j) — n^h; <j)p r dr-- 


nfh. 


Of these the radial phase integral is identical with the corresponding integral for 
the plane problem, provided that (as is assumed here) the external force is suffi- 
ciently small. In plane polar co-ordinates the kinetic energy is (p. 197) 


Ejsin. — 


K* 


dr . dtp 


)• 


Since the energy is assumed to be unaltered by the external field, this must be 
equal to the kinetic energy expressed in the spatial co-ordinates, namely 


Ekin - _ l( : 

Hrom this it follows that 


dr , dd> , d0\ 


p<f>dcp — p^dty 4- ped§, 
and the same holds for the integrals. Hence 

n<f> = n^j + ne. 


The quantity p^ is the angular momentum about the direction of the held 
and must be constant for a stationary state. Hence the corresponding quantum 
condition on integration becomes 

h 

P4* — n ^ 9 _. 


This angular momentum p ^ may be represented as a vector of corresponding 
length in the direction of the field. Similarly, the total angular momentum 

may be represented as a vector of magnitude — mr 2 co = j normal to the 


plane of the orbit (see fig. 58). Then p)yp is equal to the resolved part of p t j } along 
the direction of the field, i.e. 


Pifj — ji<f> cos 


where a is the angle between the direction of the field and the normal to the plane 
of the orbit. Hence the above quantum condition can he formulated as follows: 
the resolved part of the resultant or total angular momentum in the direction of 
the field must be an integral multiple of k/( 2tt). 


The result derived from the model is therefore as follows: the plane 
of the orbit can only set itself at certain definite angles to the special direc- 
tion in space fixed by the field. These permitted angles are such that the 
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'projection of the total angular momentum on the field direction is an 
integral multiple of h/(2rr). 

The total angular momentum is itself an 
integral multiple of being given by a 

quantum number which we may call j. Fig. 

59 shows that the projection of a vector of 
integral magnitude j on the field direction 
may assume the integral values -\-j , (j — 1), 

(j — 2) . . . (2 — j), (1 —j), —j, he. altogether 
(2 j -j- 1) different values. Hence a total 




Fig. 58- — Vectorial representation, of 
orbital angular momentum 


Fig- 59- — Integral pro- 
jections of an integral 
vector 0' — 4>* 


angular momentum determined by the integral quantum number j 
may take up (2 j +1) permitted orientations relative to the direction 
of the field. 



Fig. 60. Zeeman splitting of 

the 4260 + A. line of tungsten in 
a magnetic field; on the left the 
^-components, on the right the 
p-components. r Fhe central line 
of the p-components coincides 
with the undisplaced line. 



Fig. 6 i. — Farmer preces- 
sion in a magnetic field 


The Atomic Model in a Magnetic Field (Zeeman Effect). — As an 

example of an external -field we shall first consider a weak uniform 
magnetic field. When such a field is applied to a source of light, it is 
observed that the previously simple lines of the emitted spectrum are 
split up into several close components (Zeeman, 1890). Fig. GO shows 
photographs of the Zeeman effect. 
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The explanation of this behaviour is as follows. According to Larmor, the 
effect of a uniform magnetic field on the plane electron orbit (see Vol. III, p. 448) 
is to cause the plane of the orbit to precess (Vol. I, p. 158) about the direction of 
the field, so that the normal to the plane of the orbit describes the curved surface 
of a cone with its axis in the direction of the field (see fig. 61). To an observer 
looking in the direction and sense of the lines of force, the sense of precession 
appears clockwise. The frequency of the Larmor precession is (if we write p, for 
the mass of the electron) 

6 H 

vn— - , ; 

p 4 ttc 

if H is expressed in gausses, the corresponding wavenumber (in cm." 1 ) is found 
to he v L = 4*70 X 10~ 5 H. 

If H has a finite value, there will be a change in the kinetic energy of the 
orbital motion. This change is given (Debye, Sommerfeld, 1916) hy AE = mhv 
where m stands for the possible values of n^. 

Consider two states with the quantum numbers n and n'. In the absence of 
the field their energies are E n and E„' and the frequency emitted by a transition 

E w '. In presence of the field the energies 
become respectively (E n -f- mfivd) and 
(En' + m'hvz), and the emitted frequency 
v H is given by Av n = E n -j- Mv L — E n — 
m^v L . Hence the change of frequency 
caused by the field is Av = v H — v == 
(m — m')v L . If the maximum possible 
magnitudes of m and m' are respec- 
tively j and j', we may expect to find 
a pattern of spectrum lines with the 
following frequency displacements rela- 
tive to the field - free line: 0, 

* - • zLU "I" iOx l. 

In actual fact, however, experiment 
shows that the whole array of lines does 
not always appear, but that often only the field-free line and the two components 
±v L are observed (the so-called normal Zeeman effect). The reason for this can 
be derived (see below) by an argument based on the correspondence principle. 


between them is given by h\> == E^ 




(a) Lortgitudirud. J 

x 

(bj Transverse I 


Sense of cLrccdcdian. of electron- current: 
in the coil producing the magnetic field. 


Fig. 


62. — States of polarization in the 
“ normal ” Zeeman effect 


The three lines just mentioned only occur when the direction of 
observation is at right angles to that of the lines of force (so-called 
transverse effect). In this case the outer components are polarized in 
such a way that their electric vector is normal to the lines of force 
(so-called s-components), while the electric vector of the central undis- 
placed line is parallel to the lines of force (so-called ^p-polarization). 
When the effect is observed along the direction of the lines of force 
(so-called longitudinal effect ), the undisplaced line is completely absent. 
Only the two displaced components appear, and they are circularly 
polarized in opposite senses, the longer-wave component being circu- 
larly polarized in the same sense as that of the circulation of the elec- 
trons in the coil which is used to produce the magnetic field. These 
states of polarization are represented diagrammatically in fig. 62 . 

Some account of the observed phenomena can be given even on a classical 
basis, in particular the polarization of the lines. If the atom is regarded 
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as a source of electromagnetic waves, the motions of electric charges to which 
these waves are due may be resolved into two components, parallel and perpen- 
dicular to the direction of the field. The field has no effect on the component 
which is parallel to its own direction. Now an electric oscillator does not radiate 
in the direction of its own oscillation (Vol. Ill, p. 626). Hence it follows that the 
undisplaced line must be missing from the spectrum as viewed along the lines of 
force (longitudinal effect). This line must be visible, however, if the spectrum is 
viewed normally to the field direction (transverse effect) and must be plane- 
polarized with its electric vector parallel to the direction of the field. These 
conclusions are in agreement with experiment. The direction of the field may 
he taken as the 2 -direction, so that the plane normal to it is the a;y-plane. In 
consequence of the Laemoe precession a precessional frequency is superimposed 
upon the x- and y- components. The states of polarization of the corresponding 
lines can be deduced by considerations similar to those given above. The fact 
that only three Zeeman components appear, instead of the 2(j which would 

at first sight be expected, can be accounted 
for in the following way. The z - component 
of the electromagnetic “ transmitter ” (i.e. 
the oscillation in the direction of the lines 
of force of the field) contains, as explained 
above, only the undisplaced frequency. 

Hence, since no Fourier components in- 
volving occur in this oscillation, the 
corresponding quantum number m, must 
remain constant for all transitions for 
which the light is polarized with its electric 
vector parallel to the direction of the field, 
i.e. for the p -components we must have 
Am — 0. In the x- and y-directions, on the 
other hand, the precessional frequency v L is 
superimposed, so that the corresponding 
Fourier series contain the term 2 tuvH. The 
coefficients of this term are -f- 1 and — 1; 
for only in very intense fields need account 
be taken of the harmonics. Hence only the 
frequencies ± enter into the Zeeman effect, or, in other words, the quantum 
number ?n can only change by ^1 for the components which are polarized with 
their electric vector at right angles to the direction of the field. Thus for the 
^-components we must have Am — -{- 1 . 



Fig. 63. — Possible orientations of a 
half-integral vector ( j «fe= i and j = g) 
so as to give projections with integral 
differences. 


Fig. 63 shows the possible inclinations of a half-integral vector j 
(j = i and j == § ) such that its projections upon the special direction 
fixed b y an external field differ by integral amounts (compare fig. 59, 
p. 203). As will be seen later, these cases are also of importance. 

The Stern-Grerlach Experiment. — In 1921 Gerlach and Stern 
carried out experimental investigations into the way in which free 
atoms orient themselves in a magnetic field. The underlying idea 
is that of shooting a sharply-bounded beam of atoms through a 
non-uniform magnetic field (fig. 64). Since each atom contains 
circulating electric charges, it must have a definite resultant 
magnetic moment. I 11 certain cases the magnetic moments due to 
the different electron orbits may balance one another so as to give 
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a zero resultant. When an atom of magnetic moment fju comes into 
the magnetic field, the plane of its electronic orbit (or, more accu- 
rately, the angular momentum vector j to which its magnetic moment 
is due) must orient itself relative to the direction of the field in the 
manner discussed above. If the field is non-uniform (as in the Stern- 
Gerlach experiment), there will be a resultant force on the atom of 
0H 

magnitude P = ll cos a, where s is the distance measured along the 
os 

lines of force and a is the angle between the lines of force and the 
magnetic moment yc (cf. Vol. III, p. 431). If every orientation is per- 

mitted, then P will be able to assume every value between 

Those atoms whose orbital planes are in the direction of the lines of 
force of the field (or, better, whose total angular momentum vector j 

is normal to the lines of force) will ex- 
perience no force (cos <x = 0) and will fly 
through the field undeflected. On the con- 
trary, those whose vector is parallel to 
the lines of force will experience the maxi- 
mum force (cosa— 1). Moreover, the 
sense of this force will be either positive or 
negative, according as the ^‘-vector is set so 
that its sense is the same as that of the 
lines of force or opposed to it (so-called 
parallel and antipara-llel orientations). If 
all the intermediate orientations are also 
possible (in which case, according to our 
model, the orbital planes will process about 
the line of the field), the initially sharply- 
bounded atomic beam will be diffusely 
broadened after passing through the non- 
uniform field. If, on the other hand, 
only a certain number of definite orienta- 
tions are permitted, then the force P can only assume certain 
definite values and the beam after passage through the field will be 
found to be split up into a corresponding number of sharp com- 
ponent beams. The actual form of the beam can be made visible 
by receiving it upon a plate and then suitably treating the trace so 
obtained. 

The atomic rays are produced by the method described in Vol. JI, p. o3. 
The non-uniform magnetic field can be produced by using a wedge and a grno\ ed 
block as pole- pieces (see fig. 04). The treatment of the trace of the beam varies 
according to the kind of atoms used. Silver atoms can be caught upon cooled 
glass and then rendered visible by development. The quantities directly deposited 
are too small to be clearly seen. Hydrogen atoms are allowed to impinge upon 



Fig. 64. — Diagram of the ex- 
perimental apparatus for inves- 
tigating the spatial orientation 
of atoms in a magnetic field. 
D, source of atoms; B, 
screens with apertures; P, plate 
on which trace is received. 
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a glass plate covered with molybdenum oxide. The oxide is thereby reduced and 
the trace becomes visible on account of the blue colour produced. 

Calculation shows that each atom moves in a parabola. The deflection d of 
the atom leaving the field region is found to be 

7 , an i* 

d = _ cos a 

os 7nv~ 

where l is the distance traversed in the field and m and v are the mass and the 
velocity of the atom respectively. The field gradient oVLics can be measured by 
means of the change of resistance of a bismuth wire placed in the direction of 
the atomic beam (see Vol. III, p. 247). Hence the formula gives the value of 
g cos a, since all the other quantities involved are measurable. A certain diffuse- 
ness is unavoidable owing to the velocity distribution of the atoms; but the mag- 
netic splitting can be made relatively so great that this is of secondary importance. 

The Stern-Gerlach experiment yields the remarkable result that 
the initially sharply-hounded atomic beam is split up by the non- 
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Figs. 65 and 66.' — Results of the experiment of Stern and Oerlach on the 
spatial orientation of silver atoms in a magnetic field. On the left is the trace with 
the field off; on the right the trace with the field on. 

[From Sommerfeld, JLtombau und Spektrallinien (Vieweg, Brunswick),] 


uniform magnetic field into distinct components. According to what 
has been said above, this can only mean that the atoms must take 
up certain definite orientations relative to the direction of the field. 
Figs. 65 and 66 show reproductions of the first exposures, which were 
made with beams of silver atoms. In fig. 65 the magnetic field is off. 
In fig. 66, taken under similar conditions except that the field is 
switched on, the central region is completely free from atoms, the trace 
being split into two more or less sharp components. At the top and 
bottom the lines run together owing to the decrease of the variation of 
the field towards these edges. The irregularities in the trace near the 
middle (projection towards the side) are due to the great variation of 
the field in the immediate neighbourhood of the wedge-shaped pole- 
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piece. In the original the separation of the components amounted to 
OT— 0*15 mm. The traces of figs. 65 and 66 lead to the conclusion that 
the silver atoms must set themselves parallel and antiparallel to the 
field (i.e. cos a = +1 and — 1) and that no other orientations are possible. 

The Magneton. — The total mechanical angular momentum p of an 
electron circulating in an orbit is related to the magnetic moment g 
of the corresponding circulatory current by the equation (with e in 
electromagnetic units) 



which follows from ordinary electrodynamics (Vol. Ill, p. 445). Now 
in atoms p is quantized: p = jhji^rr). The magnetic moment /x x 
corresponding to j = 1 is given by 

eh 

jL6 ' l 47rm 5 

and therefore involves fundamental constants only. The value of /x 1? 
which is called the magneton (more precisely, the Bohr magneton), 
is /x x = 9*23 X 10 -21 gauss-cm. Frequent use is made of the corre- 
sponding quantity M B referred to the gramme-atom or gramme-molecule 
instead of to the single atom. The two are related by the equation 
M b = fju x N = 5564 gauss-cm. , where N is Avogadro’s number. 

Substitution of | cos a | = 1 in the results of the Stern-Gerlach 
experiment gives a value for g within 10 per cent of the value calcu- 
lated above for g x . This proves that the quantity g x really has a prac- 
tical significance and that the magnetic moment of the silver atom is 
one magneton. We shall see later, however, that the magnetic moments 
of atoms are not always integral multiples of the magneton. The actual 
numerical values involve fractions lying between 0 and 2 and repre- 
senting the ratios of integers (usually not very large) which can be 
determined from the structure of the atom. A more detailed account 
of the problem will be given on p. 317. 

Since the silver atom has a very complicated structure, the con- 
siderations so far advanced do not enable us to draw any further con- 
clusions from the experimental results just described (but see later, 
p. 346). Special interest attaches, therefore, to the experiments on 
beams of hydrogen atoms (Wrede, Phipps, and Taylor, 1927). Fig. 
67 shows the result obtained. The slanting line on the right is the 
trace obtained in the absence of a magnetic field, while the double line 
to the left is the corresponding trace with the field on, the plate having 
been turned between the two exposures. The effect is tin' same as for 
silver atoms, namely, two lines displaced in opposite senses and no 
undisplaced line. Hence it follows that the hydrogen atoms must set 
themselves with the vector of their magnetic moment either parallel 
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or antiparallel to tlie field. The value of the magnetic moment, as 
deduced from the observed effect, is found to be one magneton (within 
about 10 per cent). 

This result is at variance with the de- 
ductions made above from the atomic model. 

The ground state of the hydrogen atom has 
the quantum number n = 1, and hence, 
according to fig. 59, p. 203, we should 
expect three possible orientations — the two 
actually observed, and in addition the 
orientation with m= 0 (i.e. the undisplaced 
beam). The non-appearance of an undis- 
placed line proves that the angular momen- 
tum of the electron in its orbit is not 
determined by the quantum number n of 
the model. This is the reason why the 
special symbol j has been introduced for the quantum number 
involved. 

What value of j is compatible with only two possible projections 
upon the field direction, the parallel and the antiparallel? If we hold 
to the rule (based upon experimental results) that the differences 
between the projections of the total angular momentum on the direc- 
tion of the field must be integral , then we are led to assume half -integral 
values of j and the exclusion of the orientation in which j is at right 
angles to the field (i.e. in which m = 0 and the beam is undisplaced). 
The consequences of these assumptions for the cases j = J and j — § 
are shown in fig. 63, p. 205. 

Thus the experimental results lead to the conclusion that the total 
angular momentum is not an integral multiple of hl('27r), but on the 
contrary exceeds this by ^A/(27 t). Hence it is necessary to add to our 
atomic model an angular motion with the angular momentum \ hj{2rr ). 
As was suggested in 1925 by Uhlenbeck and Gothdsmit on the basis 
of other experimental data to be discussed below (p. 312), this motion 
can only be an internal motion of the electron itself. An intrinsic 
spinning motion of the electron was assumed by J. Stark in order to 
explain the process of light emission. The above experiments, like 
those treated in Vol. III, p. 441 and others to be discussed later, indi- 
cate that an angular momentum of '(2tt) must be ascribed to the 
electron. Since this rotatory motion of the electron (so-called electron 
spin) represents a circulation of electricity, it must be associated with 
a magnetic moment. According to the experiments described above 
and others to be discussed Inter (p. 318). this magnetic moment is 
exactly one Bohr magneton. 

Now the magnetic moment, of the hydrogen atom deducts 1 from 
the experimental result of fig. 07 is only one magneton. According to 


Fig. 67. — Orientation of hydrogen 
atoms in a magnetic field 

[From Zeitschrift fur Physik, 
1927 (Springer, Berlin).] 
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the atomic model adopted hitherto, this moment is due to the orbital 
motion of the electron. In view of the undoubted existence of the 
spin-moment, we should expect a total moment of two magnetons or 
zero, according to the orientation. Experiment, however, shows that 
the atom possesses a moment of one magneton — a result which leads 
to the conclusion that the orbital motion of the electron in the ground 
state must confer no moment upon the hydrogen atom, i.e. must have 
no orbital angular momentum. This conclusion, however, is quite 
incompatible with the model we have set up. 

Shortcomings of the Bohr Atomic Model. — We see, therefore, that 
the model hitherto adopted is incapable of providing a satisfactory 
explanation of observed facts. It is not possible to incorporate in it 
the spin of the electron, which is required by independent data; for 
over and above the energy changes due to the variability of the elec- 
tronic mass, which gives a good explanation of the fine structure of 
the hydrogen lines, the addition of the electron spin brings other energy 
changes which are not in agreement with experiment. A solution of 
this contradiction is not possible in terms of the Bohr atomic model. 

There are also other experiments which indicate that in the ground 
state the structure of the hydrogen atom must be different from that 
pictured above — that it must, as in fact we were led to conclude, be 
without vectorial orbital angular momentum. 

The question whether the hydrogen atom possesses the fiat, disc-like shape 
required by the 13ohr model can be investigated experimentally as follows. 
Hydrogen atoms (from hydrogen canal rays) are shot into a crowd of gas mole- 
cules at rest. The H-atoms penetrate a certain distance into the gas, until they 
have given up all their excess energy. The extent of this penetration, considered 
as a problem of diffusion by the kinetic theory of gases, depends on the cross- 
section of the H-atoms (Vol. Ill, p. 307). Hence the considerations advanced 
above would lead us to predict that the extent of penetration would be diminished 
if the experiment w'ere repeated with a magnetic field in the direction of the 
atomic beam. Eor on the theory that the magnetic moments of the atoms are 
due to the orbital circulation of their electrons, the atoms must set themselves 
with the plane of their electron orbits normal to the direction of the beam and 
so present the full area of their discs to the gas molecules in the collisions, i.e. must 
show a greater cross-section than they do in the absence of the field, when their 
orientations are random. The actual experimental performance of this test gives 
the result that the effective cross-section of the hydrogen atom is the same with 
the field as without. 

Thus hydrogen atoms behave as if their cross-section were unaffected 
by the experimentally-proved quantized orientation of their magnetic 
moments in a magnetic field, i.e. as if they were spherically symmetrical. 

A further difficulty is the fact that the Zeeman splitting for hydro- 
gen in weak fields does not give the Ct normal ” pattern of three com- 
ponents as shown in fig. 62, p. 204, but a more complicated pattern. 
Only when the field is made very strong does the pattern become 
transformed into the “ normal ” triplet. 
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So far we Lave only mentioned the difficulties connected with the 
hydrogen atom. The difficulties which present themselves in connexion 
with atoms of more complicated structure increase in seriousness as 
the spectra are studied in greater detail. Some alteration of the atomic 
model is therefore essential in order to make it consistent with the 
facts. It has been found impossible to obtain satisfactory results by 
modifying or extending Bohr’s model; the only possible step is to 
set up a completely new one. The new theory, which is much more 
nearly related to classical ideas and therefore from the very start 
avoids the inflexibility of the Bohr model, was put forward Schro- 
dinger in 1926. The results deduced from the Bohr model can then 
be regarded as a first approximation. But the new so-called wave- 
mechanical model is relatively difficult to visualize in a pictorial 
manner; hence Bohr’s mode of description, from which the essential 
features of atomic phenomena can be rapidly and readily made out, 
is still frequently used. Moreover, it is possible to go quite a long way 
with the Bohr model without coming into disagreement with facts, 
provided that certain modifications are adopted in the allocation of 
quantum numbers and corresponding corrections are applied to the 
conclusions arrived at. These modifications do not form a part of the 
Bohr theory itself, but follow necessarily from the wave-mechanical 
theory. Before w T e can go any further into the details of atomic struc- 
ture, we must become acquainted with the new wave-mechanical 
model (see next chapter, p. 257). 

Effect of Electric Fields (Stark Effect with Hydrogen Atoms). — In 

1913 Stark found that the wave-length of the light emitted by atoms 
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Figs. 

68 and 69.- 

—Stark effect, for the 1 la and H '3 lines 


is altered by the application of an electric field to the source. The 
originally simple lines of the spectrum are split up into numbers of 
sharp components. In the east 1 of the hydrogen lines the following 
regularities are found. The number of components increases with the 
series number of tin* line. Thus, as we .see irom figs. 68 and (>9. the Stark 
effect pattern is considerably more complicated for the H/3 line than 
for the Ha line. In the transverse effect (cf. fig. 62. p. 204) the electric 
vector of some of the components is parallel to the field (/^components), 
while that of the rest is normal to the field (^-components). In the 
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longitudinal effect only tlie ^-components appear, and they are nn- 
polarized. Displacements and polarizations are symmetrical with 
regard to the undisplaced line. The distances of the components from 
the central line are integral multiples of a certain wave-number interval 
for all the hydrogen lines. Up to fields of about 100,000 volts per 

centimetre the displace- 
ments increase proportion- 
ally to the field strength. 

Either of two different prin- 
ciples may be used in the ex- 
perimental observation of the 
effect. 

Stark’s Method. — In this 
method canal rays, produced 
in an ordinary gas discharge, 
are allowed to pass into a very 
strong ■ electric field behind 
the perforated cathode. The 
experimental difficulty is to 
maintain this field without the 
occurrence of a discharge, in 
spite of the gas contained in 
the apparatus. Stark over- 
came this by placing the elec- 
trodes of the applied field very 
close together — a device which 
prevented any appreciable dis- 
charge (see Vol. Ill, p. 339). 
Figs. 70 and 71 show arrange- 
ments for transverse and longi- 
tudinal observation respec- 
tively. 

Lo Surdo’s Method. — In 

order to produce the Stark 
effect use may be made of the 
field in the cathode dark space 
which occurs in ordinary gas discharges just in front of the cathode. The 
strength of this field may he very great, hut the method has the disadvantage 
that the exact magnitude and distribution of the field are not known. The 
observed Stark effect splitting may, however, be used to determine the strength 
and distribution of the field. 

Fig. 72 shows an actual photograph obtained by Stark’s method, the field 
being at right angles to the canal rays and the field electrodes being inclined 
to one another at an tingle. The patterns of figs. 98 and 09 (p. 211) are plotted on 
a wave-number scale. 

The Stark effect can be discussed in terms of the atomic model by considering 
the behaviour of an electron in the field of two positive charges. If one of the 
charges is then removed to infinity, we have the basis for the mathematical dis- 
cussion of the case where a uniform electric held is superposed on the nuclear 
field. The details of the calculation cannot he given here. We must content our- 
selves with remarking that the presence of the external field distorts the electron 
orbits in a rather complicated way, since (at least in the case where one com- 
ponent lies in the orbital plane) the effect is to strengthen the nuclear field on one 


Earth 



Fig. 70. — Arrangement for transverse observation 



Fig. 71. — Arrangement for longitudinal observation 

Figs. 70 and 71. — Stark’s method, for observing 
the Stark effect. 
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side of the ellipse and weaken it on the other. It is possible to determine a certain 
point (electrical centre) at which the potential energy of the electron at rest would 
be the same in the presence of the field as the mean potential energv during one 
revolution in the absence of the field. The distance of this point from the nucleus 



Fig. 72. — Splitting pattern for hydrogen in an electric 
field (Stark’s method) up to 1-4 million volts per centimetre 
(small condenser, plate distance d ~ 01 to 0*3 mm.). 

[From Die Naturzcissenschaften, 1930 (Springer, Berlin).] 


is found to be 3 scr/2, where e is the eccentricity and a the major semi-axis. Hence 
the atom must be regarded as an electric dipole with the moment = 3zae,2. 
The electric centre describes an ellipse about the direction of the electric field 
with the frequency 

3AE 


v S t. : 


87u 2 mZe 


n n &t .. 


where E is the field strength and the meanings of n and 7? st .are explained below. 
The energy of this motion is 

The problem is a spatial one and hence involves three quantum numbers. 
These are designated by n ri , 71 £, and ?i^ 9 corresponding to the co-ordinates (actually 
parabolic) introduced in the mathematical treatment. As in the eases previously 
mentioned, we have 71 — 7ig -f- n ^ -f- Instead of it is usual (cf. p. 199) to 

introduce r = n ^ — 1. Hence n r 1. Further, n st . — n n~~ 

The possible values are 0 < 71 ^ < n — 1; 0 5^ 5^ n — 1. Considerations 

similar to those outlined on p. 205 show that Ar — 6 or —1. the first alternative 
leading to the ^-components and the latter to the ^-components. 

From the formula given above it follows that the total energy in a given state is 

, v 3/i 2 E . . 

— VVst. =“^0“ U ^ Hr] ~ 

If the field strength E is measured in volts per centimetre, the energy difference 
\Y st — \V ( , relative to the unperturbed state (expressed in wave-numbers) is 
found to be 

Av = (i‘45 . 10 -5 ^ f — ?it) cm." 

This method of deriving the energy value is only an approximate one. Actually 
the energy of the atom in the electric held may he expressed in the form of a 
series in ascending powers of E, namely, \\ - - \\ „ -g AE - BE- ... . The 
argument given above takes only the linear term into account. The occurrence 
of the (quadratic term is related to the fact that the field induces in the atom a 
proportional dipole moment, g. = aE (ef. \ ol. Ill, p. 101). 
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The value given above, moreover, holds only when the external field is suffi- 
ciently strong, i.e. when the energy change due to the field is large compared with 
that due to the variability of the mass of the electron. This condition is realized 
in practically all the experiments with hydrogen. If the field is relatively weak, 
the precessional motion of the orbit due to the variation in the mass of the electron 
is not suppressed and causes a displacement of the electrical centre. In the case 
of a sufficiently strong field, this electrical centre always lies on the same side of 
the plane through the nucleus normal to the field; consideration of fig. 57 (p. 201), 
however, shows that if the field is weak the electrical centre will lie on one side 
of this plane during one half of the rosette motion and on the other side during 
the other half of the motion. The sign of the energy is also reversed, since the 
field of the nucleus is thus weakened in the part of the orbit where it was previously 

strengthened. The linear term in the series 
for the energy is thus alternately positive 
and negative and its time-average is zero. 
Hence the first term which has to be taken 
into account is the very small quadratic 
term. The terms of higher order than the 
first also become appreciable at very high 
field-strengths (above 100,000 volts per 
centimetre — so-called quadratic Stark 
effect and Stark effect of higher order). 

Tig. 7 3 shows the splitting of the energy 
levels of the hydrogen atom and also the 
transitions giving rise to the pattern for 
Ha shown in fig. 68 (p. 211). The inter- 
vals between the displaced levels are in- 
tegral multiples of 6*45 X 10 5 E cm.* -1 . 
The Bohr model accounts excellently for 
the experimental data, and the numerical 
factor 6*45 is confirmed by the most recent measurements. 

It may also happen that the external field becomes of the same order of 
magnitude as the nuclear field. On the portion of its orbit where the external 
field is opposed to the nuclear field the electron is then subject to practical Jy no 
force and the orbit becomes indeterminate. Under these conditions there ean 
be no energy transitions from or to the orbit. The necessary field-strength de- 
creases as the principal quantum number increases, since the size of the orbit is 
proportional to ?i 3 and hence the force of attraction by the nucleus is inversely 
proportional to n 4 . This suppression of certain transitions can be seen very well 
in fig. 72 (p. 213). The magnitude of the splitting of the Hfi line on the left shows 
that the field -strength increases from the bottom of the figure towards the top, 
passes through a maximum, and then falls off rapidly again. It will be seen that 
the lines disappear as the field -strength increases, the disappearance occurring at 
lower field -trergtL for the lines of higher series number. Calculation shows 
further i : i-.* -rt-vave components of the Stark effect pattern of each line 

correspond to transitions starting from orbits with perihelia directed towards 
the positive electrode of the applied field, i.e. orbits for which the applied field 
opposes the nuclear attraction as the electron passes through its position of 
closest approach to the nucleus. The long-wave components, on the other band, 
are due to transitions from orbits for which the greatest weakening of the nuclear 
attraction occurs in aphelion, i.e. when the electron is at its maximum distance 
from the nucleus. This provides an explanation of the experimental fact, also 
visible in fig. 72 (p. 213), that the long-wave components of the Stark effect, pattern 
of any given line disappear at lower field -strengths than the corresponding short- 
wave components. 


77 = 3 


n=2 


If: 


Fig. 73. — Splitting of the energry 
levels of the hydrogen atom in an 
electric field. The dotted transitions 
occur with very low intensity. 



CHAPTER IV 


Waves and Corpuscles 

A. Light as a Wave-motion 

1. The Emission of Light 

The recognition of the electromagnetic nature of light has led to a 
practically complete explanation of all the phenomena of its propa- 
gation. Optical problems have been treated in detail from this point 
of view in Vol. IV. On the other hand, the phenomena of the emission 
of light and of the transformation of light energy cannot be explained 
in terms of the electromagnetic wave theory. It has already been 
shown on p. 186 that the idea of an atom as an electrical transmitter 
of the kind considered in ordinary electrodynamics is incapable of 
accounting for the observed sharpness of spectral lines and the series 
relationships between them. The correspondence principle, however, 
indicates the existence of certain connexions with classical electro- 
dynamics and furnishes a basis for the understanding of the inten- 
sities and states of polarization of spectral lines. 

It has not yet been found possible to construct a bridge between 
those phenomena which can be explained by electrodynamics and 
those which can only be accounted for by the quantum theory. In 
particular, the process of the emission of light, i.e. the detailed 
mechanism of the passage of energy from matter to radiation, remains 
quite obscure. This undoubtedly constitutes one of the most impor- 
tant problems of modern physics. 

The following is a summary of the phenomena associated with 
light emission, in so far as they are known and can be interpreted in 
terms of the undulatory theory. 

Duration of Emission.-— In the fir t place it may be assumed that 
the emission from atoms (at least n th > gaseous state at relatively low 
pressures) is a perfectly random occurrence, i.e. that the trains of light 
waves sent out by any two atoms are incoherent (see Vol. I\ . p. 3: 
cf. p. 218). Conversely, coherence may be taken as proof that the 
emission is from one. and the same atom. By causing different parts 
of a wave-train to interfere it is possible to determine up to what path 
difference coherence is maintained, i.e. to find the length of tin- wave- 
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train in question. In this way it has been found (Gehrke and Lait, 
1931) that interference effects are produced up to a path difference of 
2*4 metres or 5 X 10 6 wave-lengths. Hence the coherent wave-trains 
must be at least as long as this. During emission these wave-trains 
detach themselves from the atom. Hence if we retain the idea that 
the emission takes place in the same way as in a macroscopic trans- 
mitter, we are led to the conclusion that the duration of the process 
giving rise to a single coherent train of waves is about 10 -8 sec. It 
should be noted, however, that this duration is found even for the 
iron arc, in which the average time between collisions is only 10~ 10 
sec. How it comes about that the emitted train of waves is coherent, 
in spite of the occurrence of about a hundred collisions during the act 
of emission, is still quite obscure. 

W. Wien used a different niethod to investigate the duration of 
the act of emission. He shot the emitting atoms into a vacuum in the 
form of canal rays and determined the length of path over which they 
remained luminous. The rays gradually become more diffuse and less 
intense as the distance increases. The point of excitation is known 
with fair accuracy, and thus if we assume that the atoms emit light 
immediately after excitation, the length of the luminous path and the 
measurable velocity of the atoms give the duration of the process of 
emission. The value obtained from the experiments is again about 10 -8 
sec. If we interpret the phenomena from the above point of view, 
the variation of the amplitude of the emitted wave-train during the 
emission process can be determined from the intensity of the luminosity 
at different distances from the point of excitation. This intensity 
falls off as the distance increases, and thus the observations seem to 
indicate that the coherent wave-trains are several metres in length 
and have a gradually decreasing amplitude. Since we know that the 
atom only has the quantity of energy hv to emit (see for example the 
experiments of Lenard and Haussek quoted on p. 175), this must 
be the energy of each wave-train. In this way we arrive at the idea 
of a light quantum given in Vol. IV, p. 2. The lateral extent of each 
wave-train may be very great. Investigations of the diameters of 
stars by interferometric methods (see Vol. IV, p. 201 ) show that inter- 
ference effects can be observed even when the mirrors are at a lateral 
distance of 30 metres apart, so that coherence still persists at this 
separation. Of course the angle subtended at the emitting atom is 
extremely small, and there is the possibility that different wave-trains 
may become merged together. 

Statistical Interpretation. — The experiments with canal rays may, 
however, be interpreted in another way. As will be shown later (p. 233 
et seq .), it is possible to regard the light quantum as a corpuscle which 
is shot out in a definite direction from the emitting atom. This view 
would suggest that the act of expulsion from the atom may occupy 
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an interval of time which is very brief in comparison with ]0~ 8 sec., 
though it is then impossible to explain the production of the long wave- 
train with its coherent properties. However, the falling off of the 
luminosity of canal rays may be interpreted in terms of individual 
acts of emission of very short duration — explosive expulsions of light 
quanta — provided that the occurrence of emission is assumed to be 
governed by a certain law' of probability, as is the case for radioactive 
disintegration. According to this explanation of the phenomena, the 
time (1CL 8 sec.) deduced from the length of the luminous track of the 
rays is not the duration of the process of emission, but the average 
lifetime of the excited state, i.e. the average length of time during 
which an atom remains in the excited state before explosively expel- 
ling a light quantum. 

Another interesting experiment is that in which canal rays emitting 
radiation are passed through an electric field and the emitted spectrum 
is observed in order to find out whether the w'ave-lengths sent out from 
the different points are those anticipated from the Stark effect for 
the respective local field-strengths. In particular, such an experiment 
can show whether, when the rays pass from a strong electric field into 
a region where there is no held, the normal emission is resumed in an 
interval of time which is brief in comparison with 10 -8 sec. The 
results obtained (especially by Rausch von Traubenberg) indicate 
that the emission of light at any point is determined entirely by the 
field-strength at that point. Experiments on the coherence of light 
from points of different field-strength w r ould be of great interest. 

Very serious difficulties stand in the way of an explanation of these 
Stark effect phenomena in terms of emission processes of long dura- 
tion; for according to p. 178 the sharp lines sent out in the electric 
held involve the emission of whole light quanta. The statistical theory, 
on the other hand, gives a satisfactory explanation of the observed 
facts. 

2. Experiments on the Light emitted from an Atom 

It would be possible to decide between the two modes of inter- 
pretation given above by observing whether rays from different parts 
of the same luminous canal-ray track are capable of giving inter- 
ference effects. If interference between such rays were observable, 
this would mean that the rays were coherent and would form evidence 
in favour of the first mode of interpretation. Direct experiments of 
this kind have not yet been made owing to the practical difficulties. 

Rupp, however, has carried out an experiment involving a similar idea. The 
light from the luminous canal-ray traek was made to pass through a grating 
plaeed with its plane parallel to the direetion of the canal rays and its lines normal 
to this direetion. The grating consisted of alternate spaces and opaque bars of 
equal breadth a (about 0-5 mm.). On the view that the emission from each atom 
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is a process occupying the whole time taken, by the atom to traverse the luminous 
path length, the grating must let through a regular succession of equal fractions 
of the wave-train so emitted. If v is the velocity of the atoms in the canal rays, 
the length of each of these fractional wave-trains must be acjv, where c is the 
velocity of light, and the path lag between corresponding points of successive 
fractions must be 2 ac/v. Each fractional wave- train was divided into two parts 
A and B by means of a half- silvered mirror, and the part B was given a path lag 
relative to A by means of a layer of air of thickness d . The value of d was chosen 
in such a way that the path lag of the part B relative to the part A for any given 
fractional wave-train was just equal to the lag of the part A of the next fractional 
wave-train. If the two fractions are coherent, interference must be observed 
under these conditions; and it was actually observed. This result would appear 
to furnish evidence in favour of the view that the process of emission of light 
from an atom is of relatively long duration; but it seems that an interpretation 
in terms of an cc infinitely ” rapid process of emission can also be put forward, 
so that the experiment cannot be regarded as conclusive. 

A further question arises concerning the spatial form of the electro- 
magnetic wave-train emitted from an atom. According to the classical 



Fig. i- — Interference of rays making a Fig. 2 . — Schrodinger’s interference experi- 

large angle with one another at emission ment (I x and 1/ are interference maxima) 


theory, the wave-front must be spherical, the distribution of intensity 
in the particular case of a linear oscillator being that given in Vol. Ill, 
fig. 28, p. 627. Erom this it follows that rays emitted from an atom 
in exactly opposite directions must be capable of interference. Inter- 
ference up to very large angles appears to have been actually demon- 
strated by the experiments of Selenyi (1911). lie introduced a very 
thin layer of a fluorescent solution (the thickness being small compared 
with the wave-length involved) between plates of mica and glass and 
observed interference between the rays I and II (see fig. 1) which on 
emission must have made the large angle cj> with one another. 

Experiments with incandescent wires have also been carried out 
by Scheodinger, using the apparatus shown diagrammatically in 
fig. 2. Actually Wollaston filaments * were used and interference 
effects were observed up to an angle of 57°. Gerlach and Landk 
have also shown that the different fringes of the diffraction pattern 
of a slit are capable of interfering with one another. 

* Those are very thin platinum wires (diameter a few microns) covered with a layer 
of silver to make them more robust for manipulation. Once the filament has been 
mounted in a manner suited to the particular experiment, the silver layer is dissolved 
otf with nitric acid, leaving the platinum core. 
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When extended sources of light are used, account must be taken 
of the superposition of the interference effects corresponding to the 
different points of the source. Sharp interference effects can only be 
obtained if the maximum distance between the points of the source, 
as viewed along the direction of the interfering rays, does not exceed 
a certain value depending on the wave-length and" the angle between 
the rays used. The fact that the different points emit light of different 
relative phases has no effect upon the observed result, which depends only 
on the phase differences determined by the experimental arrangements. 

The general conclusion from all the experiments on the interference 
of light hitherto is that a satisfactory explanation of the phenomena 
can be given in terms of the classical theory of electromagnetic wave- 
trains of wide aperture. This theory, however, involves difficulties 
whenever questions of the interchange of energy between radiation 
and matter are raised (see further p. 238). 


3. The Form of Spectral Lines 


Breadth of Emitted Lines. — The maximum path difference for 
which interference effects can be observed is appreciablv less than we 


should expect from the duration 
of the emission process, as de- 
duced by Wien (see above). 
The chief reason for this is that 
a spectral line is never strictly 
monochromatic, but extends 
over a wave-length region of 
finite breadth (fig. 3). The 
various causes of this broaden- 
ing will now be considered. 

Doppler Effect. — The first 
cause is the thermal motion of 



Fig. 3. — Form of the red cadmium line 
6439 A. (after P. P. Koch) 


the emitting atoms, which gives rise to a Doppler effect (Yol. IT. 
p. 280). This effect, which consists in a change of observed frequency 
when the source has a velocity relative to the observer, is common to 
all wave-motions. The equation derived in Yol. II, p. 280 holds for 
light; that is, 


/ 

v = v I 


1 + 




where v is the relative velocity of the source and c is the velocity of 
light. The sign of v is to be taken as positive when the source is 
approaching the observer and negative when it is receding from him. 

Actually '/ has different values accordintz; as the source or the observer is 
moving relative to the medium (see Yol. II. p. 2SO); hut the difference is only of 
the second order and is not observable at the velocities attained hitherto. 
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Experimental Measurement of the Optical Doppler Effect. — The 

Doppler frequency shifts are especially marked in the case of rapidly- 
moving heavenly bodies. Observation of the spectra thus gives a direct 
method of determining the velocity relative to the observer along the 
line of the ray (see fig. 4). In some cases the accuracy of determination 



[From Graff, Grundriss der Astrophysik (B. G- Teubner, Leipzig).] 


may be within a few hundred metres per second. The effect can 
also be observed without difficulty in the laboratory, using canal rays. 
A Doppler effect also occurs by reflection at moving mirrors and is 
then twice as great for a given velocity, i.e. A A = 2Xv/c , where v is 
the relative velocity of the mirror with regard to observer. Similar 
alterations of frequency are caused by the thermal motions of the emit- 
ting atoms. Here the motions are distributed at random over all 
possible directions, so that the total result is a symmetrical broaden- 
ing of each spectral line. The mean velocity of the atoms in the gaseous 
state is related to the temperature b}^ the equation 

, SAT 

v = . / 

m 

(see Vol. II, p. 47), from which it follows that the broadening of spectral 
lines increases with rise of temperature and is greater for atoms of 
smaller mass. For example, the mean broadening Ae for a hydrogen 
line at 0° C. (mean velocity 1-85 km. /sec.) is ffil-85v/(3 X 10 5 ) --- 
+ 6-2 x 10~ 6 p. In the particular case of the H/3 line (for which 
£ = 20564*6 cm.* 1 ) this gives \v = 0- 1 27 cm.* 1 . 

Radiation Damping. — Even if the emitting atom is at rest, there is 
another cause of broadening of the spectral lines, namely, the fact that 
the wave-trains must be regarded as damped. According to the experi- 
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znents of Witsx referred to on p. 216, tlie amplitude of the vibrations 
(to the square of which the intensity is proportional on the classical 
theory) falls off exponentially. Now we have seen in Yol. III, p. 030 
that any oscillation of non-uniform amplitude can be regarded as made 
up of a number of components each of constant amplitude. Thus on 
account of the damping the otherwise monochromatic radiation is 
modulated , the degree of modulation increasing as the rate of damping 
increases. 

This damping occurs with every electromagnetic oscillator which 
is not subjected to external forces, and can be calculated by the classical 
theory. The progressive decrease of amplitude is due to the fact that 
the emitter is losing energy by radiation. Hence this kind of damping 
is known as radiation damping. If, in accordance with experiment, 
we assume that the amplitude at time t is proportional to 
the time required for the amplitude to sink to half its original value 
is found, by a formula given by Plaxck, to be 5 A 2 sec. approxi- 
mately. This is in good agreement with experiment for visible light, 
for which (see p. 217) a value of about 10“ 8 sec. is observed. The 
corresponding half- value breadth of the H/3 line (i.e. the distance 
from the middle of the line to the point at which the intensity is half 
that at the middle) is found to be AA = 0-83 X 10 -4 A. This breadth, 
determined by radiation damping only, is called the natural line breadth. 
As we see from the numerical example, it is practically always negligible 
relative to the broadening due to the Doppler effect. 

Collisional Damping.- — Another kind of modulation of the emitted 
radiation is caused by the impacts of other atoms during the period 
of emission. These collisions interrupt the emission process, and a 
wave-train modulated by such interruptions may again he regarded 
as consisting of a large number of components of different wave-lengths. 
This so-called collisional damping effect is proportional to the number 
of impacts per unit of time, i.e. to the gas pressure. For a given gas 
pressure it is also proportional to the square root of the absolute tem- 
perature. Hence the effect becomes negligible at very low pressures 
and very low temperatures. Referred to 0° C. and 7 GO mm. pressure, 
the wave-number broadening due to collisional damping is of the 
order of a few cm. -1 , i.e. is quite considerable. 

Stark Effect. — The observed breadths of spectral lines are generally 
somewhat greater than those calculated from collisional damping. 
The reason is that the electromagnetic fields of the colliding atoms 
disturb the emitting oscillator and change its frequency (Stark effect, 
see p. 211). This explains how in many cases the broadening depends 
on the nature of the atoms which collide with the emitter. The in- 
fluence of similar atoms (called by Lenard the A' aheirirku /a/ literally 
“ proximity effect *') is particularly great. The broadening of the 
mercury line 2537 A. produced by mercury vapour at 7-3 mm. pressure 
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is as great as that produced by the addition of an inert gas at 250 mm. 
pressure to highly rarefied mercury vapour. Thus, as we may expect 
from the very self-contained nature of their fields (see p. 334), atoms 
of the inert gases have a particularly small effect. The fields occurring 


Fig. 5. — Broadening of the H£ line arising from change of pressure and con- 
ditions of discharge, a , Feeble current at i mm. pressure, b. Spark (with 
condenser) at i mm. pressure, c, Spark (with condenser) at 760 mm. pressure. 

[From Handbuch der physikalischen Optik (J. A. Barth, Leipzig}.] 

in the electrical discharges during the excitation of the atoms may also 
cause considerable broadening of the spectral lines, especially in the 
neighbourhood of the electrodes. Fig. 5 shows examples of line broaden- 
ing under different discharge conditions. 

Self-Reversal. — Further, the form of a spectral line may be con- 
siderably affected when the line is such that it can he absorbed by the 

atoms which emit it (e.g. the D lines of 
sodium), and when there is a density or 
temperature gradient in the gas. Under 
such conditions the emission is very 
intense at the regions of higher tempera- 
ture or density, the line being much 
broadened by the effects described above. 

Fig. 6. — Form of a spectral line . y. 

showing self-reversal As the radiation passes through the cooler 

or less dense regions of the gas it is 
re-absorbed, but the absorption line has a relatively small breadth, 
corresponding to the conditions in these regions. Hence only the middle 
portion of the broad emission line is absorbed, and the resultant, 
intensity distribution is as shown in fig. 6 (so-called self-reversal ). 

Hyperfine Structure. — Quite apart from the various kinds of 
broadening mentioned above, most spectral lines are in themselves 
not monochromatic, but consist of groups of several monochromatic 
components lying very close together. They are thus said to show a 
fine structure (as, e.g., the D line of sodium, which has two components 
with a separation of about 6 A. or 20 cmr 1 ) or a hyperfine structure (in 
which the separations of the components amount to only a few hun- 
dredths of a cm. -1 (see p. 350)). The red cadmium line shown in fig. 3 
(p. 219) is one of the few lines which appear to exhibit no marked com- 
plications. This is the reason why it was chosen for the evaluation of 
the metre in terms of wave-lengths of light (Vol. I, p. 7). 
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B. Energy and Mass 

4. Mass of the Energy of Light 

On p. 647 of Vol. Ill it was shown that light exerts a pressure on 
the material bodies on which it falls. The magnitude of this radiation 
pressure on a reflecting surface is given by p = 2S cos 2 a. where S is 
the energy- density and a the angle of incidence. 

Hence, as was first pointed out in 1904 by Hasenohrl,* it is 
possible to ascribe to light a certain momentum and consequently 
(by analogy with the momentum of material bodies) a certain mass. 

According to this view, an enclosure containing electromagnetic 
radiation must have a mass proportional to the radiation energv 
enclosed in it. This can be deduced 
from observation by the following line 

of reasoning, which is due to Lenaed. ^ 

The enclosure, imagined as having par- 

allel sides as in fig. 7, is assumed to a b 

have perfectly reflecting w r alls, so that 

any radiation which is once enclosed in L 

it will be reflected to and fro continually ^ v 

without escaping. Let the enclosure Fig. 7- — Pressure of radiation in 

be moving with an acceleration in the is in accel " 

direction of the arrow marked v in 

the figure. In the first place consider only radiation which is pro- 
pagated in the direction parallel to the direction of motion of the 
enclosure. This radiation will be reflected to and fro continually 
between the faces a and 6. As a result of the Doppler effect the wave- 
length A is changed at each reflection by the amount T2Ar c. where v 
is the velocity of the enclosure and c the velocity of light. A given 
amount of radiant energy is not altered by reflection, but the volume 
it occupies is increased or decreased in the same, proportion as the 
wave-length. Since vjc. is very small relative to unity, the energy- 
density, which is inversely proportional to this volume, must be 
changed by the fraction +-2 r c. If the mean energy-density in the 
enclosure is S, we may regard -IS as being propagated in the direction 
ab and JS in the opposite direction 6a. Hence the. change of energy- 
density at each reflection is YSr A the positive sign referring to the 
case in winch c and v are in opposite senses. It follows that when the 
enclosure is moving with an acceleration there must be an energy- 
density gradient within it. For the radiation which has been reflected 
at the face 6 and is moving in the direction ba must have a greater 
density in the neighbourhood of b than in the neighbourhood of a, 

* Fritz HasesOhul, torn in 1S74, booiimt 1 professor at th»* University of \ ieima 
in 1907; he was killed in action in 1915. 
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because the waves which are nearer a at a given moment must have 
been reflected earlier by the mirror b than those which are nearer b 
at the same moment, i.e. the waves which are nearer a must have been 
reflected when the velocity v of the mirror b was smaller than when 
the waves which are nearer b w T ere reflected. Similarly, the radiation 
which has been reflected at the face a and is moving in the direction 
ab must also have a greater density in the neighbourhood of b than 
in the neighbourhood of a. The density difference SS must correspond 
to the change of velocity 8u of the enclosure in the time St — Ijc 
which the light takes to travel the distance l between the faces a and 
b , i.e. SS = S3 v/c. But Sv/St — f, the acceleration of the enclosure. 
Hence w r e have 8S = SJfjc 2 . Now this difference of energy- density 
must he associated with an equal difference of radiation pressure on 
the two faces a and 6, the smaller pressure being on the face a when 
the acceleration is directed in the sense ba. Multiplying this pressure 
difference by the area A of the faces in question, we obtain the force 
p = S(/A/c 2 which must be exerted in the direction ba in order to 
maintain the acceleration f. The fact that this force is necessary to 
maintain the acceleration is due solely to the 'presence of the radiation 
within the enclosure. Since the volume of the enclosure is ZA, the 
quantity W of radiant energy contained in it is equal to SZA. Hence 
the force P is V/f/c 2 . Division of this force by the acceleration (see 
Vol. I, p. 66) gives the mass m which is to be ascribed to the energy 
content W_ We obtain 



To an amount W of radiant energy must be ascribed a mass 
W/ch 

The corresponding momentum is 



The energy W may he regarded as made tip of light quanta each of 
energy hv , where v is the frequency of the radiation. Then if m L is 
the mass of each quantum, we have = hv/c 2 . The corresponding 
momentum Jq is given by Jiv/c or hj A. 

If we assume that the law of reflection holds for a moving mirror when the 
angle of incidence is measured relative to the mirror, consideration of the radiation 
moving at right angles to ab likewise shows that there must be an energy-density 
gradient in the direction ab when the enclosure is moving with the acceleration 
If a is the very small angle of aberration r..V\ the energy-density changes 
on reflection at a and b are found to he a times smaller than in the case 
considered above. On the other hand, the corresponding time is 1 /a times 
Limiter, so that the two factors cancel one another and the same result is 
obtained as before. 
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5. Mass of the Kinetic Energy of Electrons 

Mass of Moving Electrons. — We liave already seen on p. 322 of 
Vol. Ill that the mass of an electron is not constant but increases as 
the velocity increases. 

In the first place we shall consider the experimental results. The 
principle of the experiments is to determine the specific charge ehn 
for electrons moving with different 
velocities, using the method of de- 
flection by electrostatic and mag- 
netic fields (see Vol. Ill, p. 314). 

KLatjfmann used simultaneous deflee- 
tion by an electrostatic field and a mag- 
netic field, the two fields having the 
same direction (fig. 8a). In fig. 8 b the 
point A represents the point of impact 
of a narrow beam of electrons moving 
directly away from the observer in the 
absence of any applied field. When the 
electrostatic field is applied, the electrons 
are attracted towards the positive plate. 

If we assume that the source of electrons 
gives electrons of widely differing velo- 
city, the point A is thereby drawn out 
into the dotted line AE. The electro- 
static deflection is proportional to 1 /(?/£i> 2 ). 

The action, of the magnetic field alone is 
to deflect the electrons at right angles to the lines of force and thus to draw out the 
point A into the dotted line AH. The magnetic deflection is proportional to 
1 /(mv). When both fields are applied simultaneously, the parabolic curve of fig. 86 
is what we should expect on the assumption that e/m is the same for all velocities. 
Reversal of the electric field will give the dotted parabola instead of the one 
shown as a continuous curve. Each point of the parabola corre- 
sponds to electrons of a certain velocity. 

In actually carrying out this experiment Kaufmaxx 
used as electron beam the /3-rays from Ea, which 
contain electrons of widely differing velocities up to 
values approaching the velocity of light. The trace 
he obtained upon the receiving plate was not that an- 
ticipated according to the considerations put forward 
in connexion with fig. 8. The actual traces obtained 
were as shown by continuous lines in fig. 9. the predicted 
parabolic curves being indicated by dotted lines. 

If we assume that c, the charge of an electron, is independent of 
its velocity, the observed result, must be regarded as Indicating that 
the mass increases with the velocity. 

From these early experiments it was not possible to deduce the 
exact law of the change of mass with velocity. This necessitated the 

(KH57) 16 



gram of observed 
deflection of elec- 
tron* of very high 
velocity. 



Fig. 8. — Deflection of electrons in 
parallel electrostatic and magnetic fields. 
(The plane of the figure on the right is 
at right angles to QA.) 
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application of other methods, in which connexion we may mention 
the work of Bestelmeyer (1907) and more particularly the experi- 
ments of Bucherer (1909), which were refined by Wolz and Neumann, 
of Hupka (1910), and of Guije, Ratnowski and Layanchy (1921). 

The principle of Bucherer’s method is as follows. Electrons ([3-rays) from a 
point source (radium preparation) pass through a condenser whose length is 
large compared with the distance between the plates (see fig. 10). At right angles 
to the field of the condenser there is a magnetic field of a strength exactly com- 
pensating for the electrostatic deflection of the electrons for one particular 
velocity v given by the equation eE = — evU, 'where E and H are the electro- 
static and magnetic field-strengths respectively. It follows that only electrons 

of velocity v — — E/H can emerge from the con- 
denser; for all those with other velocities strike 
the condenser plates. When once the electrons 
have got clear of the condenser, they are subject to 
the action of the magnetic field alone and their 
paths therefore become arcs of circles (see fig. 10). 
The values of ejm for different velocities v can be 
calculated from the observed curvature for different 
electrostatic and magnetic field-strengths. The 
chief difficulty of the method is to allow correctly 
for the 6 4 edge effect” of the condenser field. The 
actual length of the condenser was 5 cm., and the 
distance between the plates only 0-25 mm. The 
distance of the receiving plate P from the con- 
denser was 4-5 cm., the electrical potential differ- 
ence about 100 volts, and the magnetic field about 
100 gauss. The observed deviations are then of the order of magnitude of 
1 cm. 

The method used by Hupka is similar in principle. Electrons of definite 
velocity are obtained by accelerating photo-elcctrons in a known field. The 
determination of e!-m again follows from observed magnetic deflections. 

The Swiss workers Guije, Ratnowski, and Lavanchy used crossed electric 
and magnetic fields and cathode rays produced in gas discharges. The same 
deflection is always produced, the potential difference of the condenser being 
varied for the different velocities. This method assumes that the value of e/w 0 
is known. 

The result of all these experiments is to show- that the variation of 
the mass of an electron with its velocity v is best expressible by the 
equation 



where c is the velocity of light and w 0 is the mass of the electron at 
very low velocities (the so-called rest-}nass). 

Fig. 11 shows how well this equation fits the experimental results. 
The points plotted are the values of e;»i 0 calculated by means of the 
equation from the values of ejm observed by different workers for 



Fig-, io. — Bucherer’s method 
for determining ejtn at different 
velocities. 
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different velocities v. The important point is not so much the absolute 
value of m 0 , but the fact that there is no variation of this value with 
velocity: it is the constancy of m 0 which proves that the equation is 
applicable over such a large velocity range. 
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Fig. ii. — V alues of e'm a calculated from observations on electrons 
of different velocities v by the formula m 0 = m 


For the experiments of Rupp, which involve a quite different 
principle, see p. 254. 

Mass ascribable to Kinetic Energy. — This relation* between the 
mass and velocity of the electron leads to the view that kinetic 
energy also 'possesses mass and that the magyiilude of this mass is 
given by m — E kin Jc 2 , i.e. by an equation of the same form as for 
radiant energy. This result can he deduced by the following simple 
argument, which was first put forward by Lenard. A force F acts 
on a mass m so as to give it an acceleration f. The velocity at 
a given time being v, the distance ds covered in the element of 
time dt is given by ds—vdt and consequently the work done 
by the force is given by d£i = F ds = F vdt, According to the 
view put forward above, this increase of energy corresponds to an 
increase of mass dm — dK/c 2 . Now the fundamental law of mechanics 
may be written as 

F = mf = m dvjdt 


or m dv = F dt. As experiment has shown that the mass is not 
constant but depends on the velocity, it is necessary to make 
use of the formulation originally given by Newtox (YoL I, p. Id), 
na mely 

d(ntv) = F dt. 


From this we obtain 


dm dv , dv 
v dv dt + 111 dt. " 


F. 


Substituting this value of F in the equation d E = F vdt — c 2 dm , we 
obtain 

v 2 dm -f- mvdv= e-dm. 

* On the theoretical side, the relation is one of the fundamental results of Einstein's 
leory of relativity. 
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As can be verified by differentiation, the solution of this differential 
equation is 



where m Q is the rest-mass. Thus when a mass w 0 is given a velocity 
v, the mass is increased by the factor I/a/1 — v 2 /c 2 . This increase, 
which depends only on t? 2 , corresponds to the energy taken up in virtue 
of the acceleration, i.e. to the kinetic energy. Its value is independent 
of direction. 


Magnetic Field of a Moving Charge. — The nature of the inertia of an electric 
charge can. be investigated further by means of the Faraday-Maxwell theory. 
Reference has already been made on p. 439 of Vol. Ill to the analogy between 
the phenomena connected with self-induction on the one hand and the inertia 
of mass on the other. The fact that matter may be regarded as an assemblage of 
electromagnetic fields makes the view probable that the two sets of phenomena 
may be identical in their nature. According to this view, the inertia of mass is 
due to the increase in the strength of the magnetic field which is always associated 
with charges moving with an acceleration. As is stated by the equation 
H _ E n r/( 377 c ) given on p. 197 of Vol. Ill, the magnetic field-strength is pro- 
portional to the velocity, provided that the distribution of the lines of force 
remains unchanged. Prom this proportionality it follows that the inertia is 
always the same for a given acceleration and independent of the initial velocity 
from which the charge is accelerated. Experiment shows, however, that this is 
not true; the inertia (i.e. the mass) varies with the velocity. Since the above 
proportionality of magnetic field strength to velocity is not open to doubt pro- 
vided the field distribution remains the same, we are forced to the conclusion 
that the field distribution must vary with the velocity. Such a variation is indeed 
to be expected froin the longitudinal tension and lateral repulsion of the lines 
of force. 


We now proceed to consider this more closely. The tension and lateral re- 
pulsion of the lines of force are equal to one another at every point, both for the 
electric field (Vol. Ill, p. 98) and for the magnetic field (Vol. Ill, p. 430), being 
in both cases equal to the energy -density at the point considered. If an electric 
field moves with the velocity of light in a direction at right angles to the lines 
of force, the energy-density of the magnetic field becomes equal to that of the 
electric field at every point (Vol. Ill, pp. 197 and 617). In this case the tension 
ancl lateral repulsion of the lines of force of both fields are equal. If the electrical 
energy-density in a certain region of the field is S c = iIv 0 E 2 , the magnetic energy- 
density for a velocity v of motion at right angles to the electrical lines of force is 
~ -op 0 H 2 = lg. 0 E 2 i: 2 /(377 c) 2 . Prom this by a simple calculation we obtain 
= JK 0 E 2 i' 3 ;c 2 . Now the magnetic lines of force are at right angles to the 
electric lines of force. Therefore the tension along the latter is reduced by the 
lateral repulsion between the former, so that the resultant tension along the 


electric hnes of force is T = IK 0 E 2 [1 — (r 2 /C“)l- It follows that T vanishes when 
v = c. The lateral pressure in the plane normal to the direction of motion is 
reduced to the value Lx — JK 0 E 2 [1 (e 2 /c 2 )]; that in planes parallel to the 

direction of motion is increased to L — 1K 0 E 2 [1 -j- (v 2 /c 2 )J. 

Hence if a plate condenser is moving in the plane of the plates, i.e. at right 
angles to the electric lines of force, the attraction between the plates decreases 
as the velocity increases. Two opposite charges moving with the velocity of light 
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in a direction normal to the line joining them do not attract one another. This is 
the reason why the electromagnetic fields of light, which are propagated with 
the velocity c , do not collapse, i.e. do not shrink up like the lines of force about a 
conductor when the current flowing in it is stopped. This shrinking together only 
occurs when the velocity c is destroyed. Then the whole of the energy of the 
light is given up. Thus light possesses no rest-mass (see below). 

Application of these ideas to a region of space which is spherical when at 
rest and contains charges, i.e. whose field distribution possesses spherical sym- 
metry (fig. 12a), gives the following result. When the region is in motion, the 




Fig. 12. — Distribution of the lines of force of an electron 
(a) at rest and ( b ) in motion 

magnetic field- strength and hence also the diminution of the lateral pressure of 
the electric lines of force are greatest in the equatorial plane (i.e. the plane at 
right angles to the direction of motion), because the lines of force are all at right 
angles to the direction of motion. The electric field component in the direction 
of motion, on the other hand, is not associated with a magnetic field. Hence the 
greater lateral pressures outside the equatorial plane drive the electric lines of 
force into this plane until the lateral pressure of the intensified electric field there 
once more establishes equilibrium. Thus the polar regions become poorer in 
electric lines of force (fig. 126), in the same proportion as the magnetic lines of 
force in the equatorial direction weaken the lateral pressure between the lines 
of force of the field. When v becomes equal to c, all tlie lines of force emanating 
from the charges are driven into the equatorial plane. 

Since the component E n of the electric field- strength normal to the direction 
of motion increases with the velocity, the magnetic energy associated with the 
moving charges must increase more rapidly than if the field distribution remained 
unaltered. Hence the inertial resistance for a given increase in velocity must 
be greater for greater initial velocities, i.e. the mass must increase with the 
velocity. The law of this increase in mass depends on the field distribution. 
This in turn depends on the arrangement of the charges. Since, however, in 
the spherical region considered a hove the forces between the charges are altered 
by their motion, the arrangement of the charges must also be altered. When 
this is duly taken into account (H. A. Lorentz), a mass variability is deduced 
which agrees with observation. 

Hence it follows that inertial energy (i.e. kinetic energy) is electromagnetic 
in character, being that portion of the total electromagnetic energy of the given 
system which depends on the state of motion of the system and which must be 
taken away from the system in order to bring it to rest. 
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6. Mass as Energy 

Generalization. — The relationships between mass and energy dis- 
cussed in the preceding sections lead to the view that every mass may 
be regarded as energy and that energy is the fundamental concept 
oil which the concept of mass depends. According to this view, all 
energy changes must be associated with corresponding changes of mass, 
given by the equation W = me*. 

Experiment shows that mass is in general conserved in physical 
processes. Hence it follows from the above generalization that energy 
must also be conserved. 

Mass as Energy. — W e may express the above generalization as 
follows: 

Every mass m is equivalent to an energy W = me 2 , i.e. under suitable 
conditions it may be transformed into this energy. Conversely , every 
amoimt of energy W is equivalent to the mass m = W / c 2 . 

The energy of a mass ?n 0 (rest-mass) moving with the velocity v 
is accordingly given by the general formula 


W = 


™ 0 C B 

V(1 - * 2 /c 2 ) 



+ I m 0 



Velocity of Light as the Limiting Velocity. — From the foregoing 
equations, whose general validity is being steadily confirmed by 
increasing experimental knowledge (see below), it follows that an 
infinitely great energy would he necessary in order to give a mass a 
velocity equal to that of light. Thus, so far as material bodies are 
concerned, the velocity of light is seen to be a limiting -velocity which 
can only be approached asymptotically and never exceeded. 

Difference between the Energy of Radiation and the Energy of an 
Electron. — The mass of a light quantum is not subject to the above 
relationships; for the quantum is shot out from the emitting system 
with the velocity of light, but its mass is only m L = /m/e* 2 . A light 
quantum, moreover, possesses no rest-mass (see above). The difference 
is probably connected with the fact that an electron (or, in general, 
matter) is a system in which the lines of force actually end upon charges, 
whereas the light quantum involves only closed lines of force without 
ends. Hence the relation between the mass of the light quantum and 
its velocity is quite different from the corresponding relation for matter. 
This can also be seen from the following argument. 


The boundary surface of a transparent medium irradiated by light is subject 
to a differential radiation pressure corresponding to the energy-density difference 
(W cp — (W e), where c is the veloc ity <»| light in a vacuum and r, is the velocity 
in the medium, eq being less than c. This is associated with a change of momen- 
tum — Me of the quantum, where is its mass in the medium. Since 1 the 

frequency remains unchanged, the mass Mj at the velocity c, is given by 
M x — W ; c I 2 . Hence the mass is greater for smaller velocities of propagation, the 
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excess being obviously derived from the medium through which the light 
passes. 

Applications of the Energy-mass Relationship. — The consequences 
of this relationship may be expected to be chiefly evident in processes 
involving the transformation of very large quantities of energy, i.e. 
especially in nuclear transformations. Thus the accepted modern 
explanation of the deviation of the atomic weights of isotopes from 
whole numbers is that these deviations are due to the energy liberated 
in the building up of the nuclei. Again, in the case of atomic trans- 
mutations it is usual to introduce the mass change into the equation 
of transmutation as an energy change additional to the other energy 
changes (kinetic energy, radiation, &c.). 

As an example we may calculate the energy which holds together 
the four elementary massive constituents (protons or neutrons) in 
the a-particle. For the sake of simplicity we may assume that the 
a-particle consists of four protons and two electrons. The mass of 
a proton is 1*6609 X 10~ 24 gm., that of an electron 9*035 X 10~ 2S gm. 
Four protons and two electrons would therefore have mass 
4 X 1*6609 x 10~ 24 + 2 X 9*0 x 10~ 28 = 6-615 x 10~ 24 gm. Actually 
the mass of an a-particle is only 6-598 X 10“ 24 gm. The mass difference 
of 0*047 X 10 -24 gm. must therefore be expended as energy in order 
to split up the a-particle into 4 protons and 2 electrons. The corre- 
sponding energy is found to be 4-23 x 10“ 5 erg per a-particle. For 
1 gm.-atom this gives 4-23 X 10~ 5 x 6*06 x 10 23 = 2*56 x 10 19 ergs 
= 6*13 X 10 s kcah, which is some five million times greater than the 
energy set free by the combustion of 4 gm. of hydrogen. This calcu- 
lation accounts for the great stability of the a-particle. So far as we 
know at present, the order of magnitude of the calculated energy is 
not affected if the a-particle is assumed to consist of two protons and 
two neutrons. Similar considerations also account for the stability of 
other nuclei. Thus the splitting up of a gramme-atom of oxygen O 16 
into its elementary constituents would require ail energy expenditure 
of 2*6 x 10 tJ kcal. per mol. 

Energy and Gravitation. — If it is true that every mass, including 
material masses, is due to energy, then we may expect that enorgv 
which is not associated with matter will be affected by gravity in the 
same way as material bodies are. A number of direct experiments 
relating to this question have been carried out. In one class of ex- 
periments attempts have been made to measure the possible difference 
between the inertial and the gravitational mass of energy (Southerns, 
1910; Zeeman, 1918). The equality of inertial and gravitational mass 
can be demonstrated with great accuracy by the method of Eirrvos 
(see Yol. I. p. 194). For the present problem substances may be used 
which are known to possess a large amount of energy which they can 
give up in some process. It is natural to choose radioactive substances. 
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Thus the mass difference between 1 gm. of uranium and its end- 
products helium and lead, corresponding to the energy given out in 
the radioactive transformations, is of the order of magnitude of 10~ 4 gm. 
By comparing lead oxide and quartz with uranium compounds by the 
method referred to above, Zeeman w r as able to prove that the dif- 
ference between gravitational and inertial mass cannot exceed one 
part in five millions. Thus these experiments demonstrate a propor- 
tionality between weight and mass for the energy which is contained 
in radioactive atoms and may be liberated by their disintegration. 
From this we conclude that the energy stored up in the electromagnetic 
Jields of atoms possesses a weight corresponding to its ?nass. 

A second class of experiments is concerned with the behaviour of 
radiation in a gravitational field. The action of a gravitational force 
at right angles to the direction of propagation was considered by J. 
Soldner (1804) on the assumption that light behaves as a mass travel- 
ling with the velocity of light. The effect is too small to be observed 
under terrestrial conditions, and so (as was pointed out by Soldner) 
it is necessary to investigate the deflection of light rays which, coming 
from stars, pass very close to the sun’s edge. This can be done during 
total solar eclipses. If the light is attracted by the sun’s gravitational 
field and <£ falls ” towards the sun’s centre, the deflection will cause 
an apparent increase of the angular distance between the star and 
the sun, as viewed by a terrestrial observer. The displacement will 
decrease with increasing distance from the sun’s edge. For a material 
particle moving in a hyperbolic orbit with the velocity of light the 
magnitude of the displacement would be 087" at the sun’s edge. For 
electromagnetic radiant energy a value of the same order of magnitude 
is to be expected. The exact value will not be the same, because light 
has no rest-mass and hence (according to Lenard) there can be no 
gravitational effect on light in the direction of propagation, in which 
the velocity is always c. The actual experimental results still seem 
somewhat uncertain. The investigations are extremely difficult and 
there are many sources of error; in particular, it is not possible to 
allow" accurately for the effect of the matter surrounding the sun. 
The most recent and, as it seems, the most reliable measurements. 
(Freundlich) give an extrapolated value of 2*3" for the deflection at 
the sun’s edge, while earlier American determinations had given the 
value 1-72". The experiments so far carried out prove beyond doubt 
that radiant energy is subject to gravitational forces in the transverse 
direction, though as yet the exact law of the effect cannot be deduced 
from the observations. 

At the present time nothing can be said with certainty about the 
effect of gravity on radiation in the direction of propagation of the 
latter. It is possible, for example, that light emitted from a star of 
great mass may have some of its energy transformed into potential 
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energy, its velocity of propagation being thereby diminished like the 
velocity of a stone thrown upwards. According to electrodynamical 
laws, however, this is very unlikely. Alternatively, the velocity might 
remain constant, the diminution of energy resulting in a decrease of 
amplitude (and hence of intensity) or in a diminution of the frequencv 
in accordance with the equation v — E/A. This latter effect would be 
observable as a displacement of spectral lines towards the red. Such 
displacement is found in the light from many distant spiral nebulse. 
and is interpreted as a Doppler effect, due to speeds of recession pro- 
portional to distance. Since the rest-mass of light is zero, it is probable 
(according to Lenare) that the potential energy of light is always 
zero also. The passage of light away from a star is thus unattended bv 
any increase of potential energy: not only does the total energy of 
the light remain constant (as is also true for a stone which is thrown 
upwards), but so does its velocity. According to this view, neither 
decrease of intensity nor spectral displacement towards the red (apart 
from possible Doppler effect) is to be anticipated. 

C. The Corpuscular Properties of Light 

7. The Photon 

As we have seen above, light quanta may be regarded as packets of 
energy possessing mass and momentum. Thus they behave in a certain 
sense as if they were corpuscular in nature. Indeed, a large number 
of the properties of light can be accounted for by the theory that the 
quanta are particles of mass Au/c 2 (see Table XIX). In order to empha- 

Table XIX. — Masses of some Light Quanta 


A 

v sec. 1 

h v ergs 

wii- gr. 

j 

WL Im. « 

1 y. 

3 X 10 14 

1-96 X It)- 12 

2-2 x It)” 33 

2-42 x 10— 6 

l A. 

3 X 10 18 

1-96 X It)” 8 

2-2 x 10” 29 

2-42 x 10- 2 , 

1 X 

3 X I0 21 

1-96 X It)” 5 

2-2 x 10~ 26 

24-2 

24-2 X 

1-24 x 10 20 

8-1 X 10” 7 

9-0 x 10” 28 

1 ! 

’ ! 


size this corpuscular nature, the light quanta are often referred to as 
phofoNs* 

If this view is correct, the incidence of light quanta upon electrons 
or atoms or other light quanta must give rise to effects similar to those 
observed in the collision of material particles. Several effects of this 
kind are actually known. One of the most important of these will 
now be considered. 

The Compton Effect. — In 1922 A. H. Compton succeeded in showing 

* CJr. phn.'t^ light. 
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that X-rays (especially those of short wave-length, e.g. Mo K-radiation, 
for which A = 0-7 A.) scattered by light elements contain, in addition 
to the incident wave-lengths, other wave-lengths which are somewhat 
longer. This discovery -was made possible by advances in X-ray 
technique. For the photographic exposures it was necessary to keep 
the loading of the tube constant at about 30 milliamperes and 50.000 
volts over periods of tw r o to three hundred hours. 

The experimental results show that X-rays suffer a change of 
wave-length on scattering, the magnitude of the change and the ratio 
of the intensities of the modified and unmodified rays being determined 
(other conditions being the same) by the angle of observation relative 
to the primary beam. 



Pig. 13 is a diagram of the experimental arrangement. The X-rays emitted 
from the tube R are incident on the scattering substance S (e.g. graphite). A 
narrow scattered beam making the 
angle 0 with the direction of incidence 
of the primary beam is selected by a 
series of slits in lead screens E. It is 
then spectrally analysed by means of a 
rotating crystal 3v, the actual observa- 
tions being made either photographically 
or by means of an ionization chamber J 
(see figure) mounted on a divided cir- 
cular scale. Pig. 14 shows photographic 
records and fig. 15 electrometer curves 
for different values of the angle 0. In 
addition to the lines of unchanged wave- 


Fig. 13. — Experimental apparatus 
for measuring the wave-length 
change in the Compton effect. 


Fig. 14. — Photographic record show- 
ing the Compton effect. Above: angle 
of scattering 63 .V°. Below: angle of 
scattering 90 °. 


length, the scattered spectra are seen [From Handbuch der Physik, Voi. 

to contain new and somewhat diffuse XXII I (Springer, Berlin).] 

lines of longer wave-length. Por each 

primary line there is one displaced line, the difference between their wave- 
lengths increasing with the angle of observation 0. 


It is a remarkable fact that the difference of wave-length A A 
between corresponding unmodified and modified lines when 0 — 90° 
is independent of the wave-length of the primary X-rays and of the 
nature of the scattering substance. The value of A A is always 0*024 A. 
On the other hand, the relative intensities of the unmodified and 
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modified lines vary markedly with these factors. As the atomic number 
of the scattering atoms increases the intensity of the modified line falls 
off rapidly. The same is true for increase of 
primary wave-length. In the case of y-rays, 
which are of very short wave-length, the scat- 
tered spectrum consists almost entirely of 
modified radiation. In the case of light, 
which is of relatively very long wave-length, 
only the unmodified lines can be detected (see 
also p. 380). Other conditions being the same, 
the relative intensity of the modified line also 
increases with the angle of observation 6 (see 
e.g. fig. 15). 

Theory of the Compton Effect. — The observed 
characteristics of the effect, especially the de- 
pendence of A A upon the angle of scattering 8 
and its independence of the nature of the 
primary wave-length and of the nature of the 
scattering material, lead to the following inter- 
pretation. 

The scattering of X-rays with change of 
wave-length may be regarded as due to the 
collision of a light quantum (photon) with 
an electron, both being assumed to be elastic 
spheres and the kinetic energy of the photon 
being taken as equal to hv. Such a collision is 
represented diagrammatically in fig. 16, wavy r ecord\'ho^n^hl 0 ™omp- 
lines being used for the path of the photon and tori effect - 
a straight line for that of the electron. Let v n [From Handbuch der 

-« , i r ,» ,, . -v- V Physik, Vol. XXIII 

be the frequency or the primary X-rays and (Springer, Berlin}.] 
v that of the rays modified by scattering. 

Further, let v be the velocity, tn the mass, and the rest-mass of 
the electron. Let 8 be the angle of observation (i.e. the angle between 
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Fig. x 6. — Collision of a photon with an electron 


tlie direction of the scattered X-rays and that of the incident 
X-rays) and </> the angle between the primary direction and the 
direction in which the electron is struck. Taking account of the 
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variation of the mass of the electron with its velocity, by the principle 
of conservation of energy we have 

, _ 7 , W ft C 2 

hv 0 + m 0 c~ = hv + 


where /J — vjc . The principle of the conservation of momentum gives 
for the direction of the primary beam 


hv 0 hv n . 
— u — — cos 6 + 


m n v , 

, — - COS0. 

Vi - ^ 


and for the direction normal to the primary beam 


~ hv . n . m 0 v 

0 = sm 8 d 7 - - 

c V 1 — j3 2 


sin cj>. 


The angle cf> may be eliminated by squaring and adding these last 
two equations, after taking the terms in </> to one side. Then v may 
be eliminated by using the energy equation. This leads to the result 


where 


i + A(i — cos oy 

a _ As>„. 

m 0 c~ 

From this we at once obtain the wave-length displacement, namely 

cos 8). 


AA= - 


-°-= h a 

m fi c 


The numerical value of h/(m 0 c) is 0*0242 X 10~ 8 cm., so that when 

8 = 90° (i.e. cos 8 = 0) the theoretical 
value of A A is 0*242 A., in agreement 
with observation (see above). 

In virtue of the principle of the 
conservation of momentum, the pro- 
cess must take place in a plane. 

We see that this theory accounts 

Fig. 17 . — Variation of the wave- for the fact that the WaVe-lcilgth 

wPth 1 the h an*ie of *^ 1 , 7 “" effect change on scattering is independent 

of the scattering material and of 
the primary wave-length. The theoretical variation of AA with the 
angle of scattering 8 (represented in polar co-ordinates in fig. 17) is in 
excellent agreement with observation. In the region of very short 
wave-lengths (y-rays) the wave-length change may be 100 per cent or 
more. In this region the frequency of scattering is also much greater, 
i.e. the relative intensity of the modified line is greater. 
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Further Experimental Results on the Collisions occurring in the 
Compton Effect. — If the above theory is correct, it ought to be possible 
to detect the recoil electron which is struck by the photon. In fact 
we have already met with it as a scattered electron in fig. 37, p. 55. 
The preferential distribution in the direction of the incident radiation 
is also apparent. In contrast to the photo-electrons, the recoil electrons 
only take up a fraction of the energy of the incident photon; hence 
their velocities are smaller than those of the photo-electrons and their 
path lengths (cloud- tracks) much shorter. 



Fig. 1 8. — Cloud-chamber photograph showing the collision of a 
photon with an electron (after Compton) 


[From Zeitschrift fur technische Physik (J. A. Barth, Leipzig, 1927),] 

Pig. 18 shows a cloud-chamber photograph in which it is possible to make 
out both the track of the recoil electron and also that of the scattered quantum— 
the latter by means of a photo-electron liber- 
ated after the Compton- effect collision. Photo- 
graphs of this sort make a direct test of the 
formulae deduced above possible. Of a total 
number of 850 exposures, 38 showed both elec- 
tron and scattered photon and 18 gave a rela- 
tion between the angles in agreement with the 
theory given above. The relatively high pro- 
portion of exposures showing both electron 
and scattered photon furnishes proof that the 
scattering of the X-ray photon and the ejection 
of the electron from the atom concerned must 
be almost simultaneous processes. This ques- 
tion whether the two processes are simultaneous 
is answered even more conclusively by the 
experiments of Both e and Geiuer. These 
investigators set up two ionization counters very close together in a space tilled 
with hydrogen (see fig. IS)). One of these counters (shown on the right in the figure) 
was so arranged as to respond in the main to electrons; while the other, being 



Fig. itj. — Diagram of the experi- 
mental apparatus for investigating 
the simultaneity of photon scat- 
tering and electron recoil in the 
Compton effect. 
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filled with air and closed with a platinum foil which absorbed electrons but trans- 
mitted X-rays, was sensitive only to X-rays. A primary X-ray beam was made 
to pass between the two counters and was scattered in the gas as indicated in 
the figure. It is clear that if the processes of scattering and electron ejection 
are simultaneous, then there must be a large number of simultaneous responses 
(“ coincidences ”) in the two counters. The actual experiment showed that the 
number of such coincidences was considerably greater than that to he expected 
from mere chance. 

In -the discussion given above it was assumed that the photon 
collides with a cc free ” electron, i.e. no account was taken of the forces 
binding the electron to its atom. The agreement between theory and 
experiment provides justification for this assumption, so far as the 
lighter elements are concerned. The effect of the forces binding the 
electron to its atom is probably to be seen in the broadening of the 
displaced lines. The absence of the effect in the case of visible light 
may be accounted for as due in part to the very small energy of the 
quanta in this region, but may be regarded as a consequence of the 
progressive approximation to classical electrodynamical behaviour 
with increase of wave-length. 

8. Relation between the Corpuscular and the Undulatory 
Properties of Light 

Up to the present it has not been found possible to overcome the 
difficulties which lie in the way of any attempt to reconcile the undu- 
latory and corpuscular theories of light. In order to appreciate the 
magnitude of these difficulties, it is only necessary to recall that on the 
one hand experiment indicates existence of coherent wave surfaces of 
30 metres width, while on the other hand the whole energy of a light 
quantum may be concentrated upon an atom and even (as may be 
seen in fig. 18, p. 237) upon the extremely small spatial region — -of 
diameter something like It)- 12 cm. — occupied by an electron. More- 
over, numerous experiments have been carried out on the photo- 
electric effect at very low light intensities, and no departure from 
regularity has been observed. The number of photo-electrons liberated 
remains proportional to the incident intensity even when only a few 
photons are emitted from the source per second. Similarly, interference 
experiments at these very low light intensities give the normal dis- 
tribution of interference fringes. Since interference phenomena un- 
doubtedly indicate that the coherent properties of light have a certain 
extension in space (cf. Schrodix(jer’8 experiment, p, 218), we are 
forced to make either the very improbable assumption that the atoms 
involved in the photoelectric effect are capable of suddenly collecting 
the necessary energy liv out of a large spatial region, or else the equally 
improbable assumption that they gradually take up energy from the 
radiation field until the quantity hv is accumulated and an electron 
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is ejected. In tile latter case, if the irradiation were terminated before 
the full quantity of energy hv had been amassed by an atom, we should 
expect that the fraction would be given up in some way or other. 
Joffk and Dobrowavoff were able to show that a small particle of 
bismuth (diameter about 10~ 5 cm.) suspended in an Ehrexhaft con- 
denser showed the photoelectric effect even when irradiated bv X-ravs 
of such low intensity that the alterations of charge occurred at intervals 
of half an hour. 

Experiments have also been carried out with a view to subdividing 
the light quanta and then investigating the photoelectric effect pro- 
duced by the parts. When a beam of light is separated into two partial 
beams by a semi-reflecting layer, it is found that both of the partial 
beams give the normal photoelectric effect; the intensity is propor- 
tionally less than for the original beam, but the velocity of the photo- 
electrons still corresponds to the full energy quantum hv, At the same 
time it must be borne in mind that the two partial beams are capable 
of showing interference effects, so that they must have originated in 
the same elementary process of emission. 

It has further been found possible by means of Kerr cells to subject 
beams of light to periodic interruptions with a frequency of 10 9 per 
second (Rupp). Although the light quanta must thereby have been 
broken up into smaller parts, no alteration of frequency is observed 
such as might have been expected from the equation v = E/A and the 
smaller energy of these parts. The only effect is a broadening or split- 
ting of the originally monochromatic spectral line in accordance with 
the superimposed periodic modulation. 

Thus while some of the observed phenomena indicate a con- 
tinuous radiation field as required by classical electrodynamics, other 
phenomena point to a very intense concentration of the energy in small 
packets or photons. In certain cases, moreover, one set of experiments 
gives the one type of result and another set simultaneously gives the 
other type. This leads to the conclusion that the formulae of classical 
electrodynamics, at least in the optical and short-wave regions, can 
only have a statistical meaning, i.e. they can only express the prob- 
ability that a photon will be encountered at a given position in space. 
According to this view, a dark interference fringe is not to be regarded 
as due to the superposition of two spatially-extended wave-trains, 
hut rather as a region which the special experimental arrangement- 
prevents any photons reaching. From this point of view it is possible 
to explain the results of photoelectric experiments with very low 
light intensities, there being a certain probability that an atom will 
he struck by a photon whose energy is concentrated within a very 
small space. Thus the electrodynamically-determined Held is to be 
regarded merely as a kind of directing Held and the electric and mag- 
netic vectors as having only a statistical significance. The intensity. 
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as calculated on the wave-theory, then expresses the probability of an 
encounter with a photon at the position in question, i.e. the average 
rate of arrival of photons, as experimentally observed. 

The present state of the problem is most unsatisfactory, and in 
spite of the recent advances in the theory of light emission (see p. 272 
et seq.) no path leading to a solution can as yet be discerned. This 
state of affairs is strongly reminiscent of the initial stages in the 
development of the quantum theory (see p. 196), when the energy 
relationships involved in the interaction of matter and radiation were 
in accordance with the quantum postulates but their probability 
(i.e. the intensity and polarization of spectral lines) was deduced by 
reference to the classical wave-theory (correspondence principle). The 
development of a quantum electrodynamics is still at its beginning. 

From the corpuscular properties of photons it must be concluded 
that they are shot out from the emitting atom within narrowly-defined 
solid angles (about 10~ 5 as deduced from the experiments of Joefje 
referred to above) and that light quanta are not emitted in the form 
of spherical waves in accordance with classical electrodynamics (see 
VoL III, fig. 27, p. 626). The term “ light darts 5 ’* is sometimes used 
to emphasize the directional nature of light emission. 

The question can be investigated further by the following experi- 
mental method. Imagine a radioactive preparation wdiich emits y-rays. 
Let the source be so weak that the irregularities arising from the time- 
variations in the radioactive disintegration are easily observable. If 
the y-ray emission is in the form of spherical waves, there should be 
no differences in the intensity of the rays at different points around 
the source at a given distance from it. Thus suitable ionization chambers 
or counters placed at these points should register only the time-varia- 
tions and should show no mutual variations dependent upon their 
positions. Experiments of this kind, carried out by E. Meyer in 1910, 
gave the result that y-rays exhibit the same sort of directional variations 
as do the corpuscular a-rays. This makes it clear that the energy of 
y-rays must be concentrated in just as small packets as the energy of 
a-particles, i.e. that y-rays must be corpuscular as far as energy effects 
are concerned. Experiments have recently been made with the object 
of demonstrating the recoil of the emitting atom due to the ejection 
of a photon in a definite direction. For this purpose a narrow beam 
of sodium atoms was irradiated with light corresponding to the reso- 
nance line. The result was an appreciable broadening of the beam, 
which may he interpreted as due to the lateral recoil of the atoms as 
they re-emit the light. The magnitude of the broadening effect appears 
to agree with that to be expected on theoretical grounds. 

Doppler Effect and Compton Effect. — It is interesting to consider the Doppler 
effect from the point of view of the corpuscular theory of light, for it is then 

* Ger. Nadv1stru7du/Hj. 



CORPUSCULAR AND UNDULATORY PROPERTIES 241 


seen to be quite analogous to the Compton effect- In the treatment which follows 
no account will be taken of the variability of mass with velocity. 

Let v x and Mq be the initial velocity and momentum of the atom respectively, 
the corresponding quantities after emission being v 2 and Alr 2 (see fig. 20). Let the 


Mv t 


' MAv 



emission of the light quantum be in the perfectly definite direction towards the 
observer at A, so that the atom is given a momentum in the opposite direction. 
As experiment shows (p. 220), the relative motion of the atom with respect to 
the observer produces a Doppler effect, i.e. the frequency measured by an observer 
at rest at A is not the frequency v which would be observed for an atom at rest, 
but has a different value v'. According to the principle of the conservation of 
energy, we may equate the energies before and after the emission process, i.e. if 
Wj and W 2 are the energies of the atom in the stationary states before and after 
emission respectively, we may write 

Wj -h iMih 2 = W a 4- PLy 2 + Av', 

or 

pi(iq 2 — vf) = hV — (Wi — \V a ). 


But hv = W x — W 2 . Hence, writing v' — v = Am and i\ — v> = Ar, we have 

h Av = -PI(^ 2 — r 2 2 ) = PIA r(r A 4- r 2 ) = MAit, 

where v = i(tq 4- r.,) is the mean of the initial and final velocities. By the 
principle of "the conservation of momentum we have in addition, approximately. 

Mi', = Mi-., -^ cosO. 

c 


or 


MAr — ^ - cosO. 
c 


Combining this with the equation obtained above, we have 

Av ~ m / cos 0, 


1 * COS 0 

c 

If we regard v cnsO V as small relative to unity, an assumption which is just i tied 
in view of the fact that no account has been taken of the variation of mass with 

. 17 



242 WAVES AND CORPUSCLES 

velocity, this equation may to a first approximation be rewritten in the form 

1 -f- - cos 0^ . 

This is the same formula for the Doppler effect as was deduced from the wave- 
theory (ef. p. 219). Here it is deduced from the corpuscular point of view, the 
change of frequency being regarded as due to the recoil of the emitting atom as 
it loses a photon. Thus the present discussion is analogous to that given previously 
for the Compton effect. 

All phenomena connected with alterations of direction can be 
interpreted in a similar manner, i.e. by the corpuscular theory without 
reference to the wave-theory. This is true, for example, of reflection, 
refraction, and diffraction. Thus the interference phenomena of X-rays, 
as obtained with crystals, can be accounted for in terms of a quantized 
exchange of momentum between photons and crystal lattice, the 
lattice constant entering into the calculations as one of the determining 
factors. 

Axial Properties of Light Emission and Atomic Structure. — The 

discovery by J. Stark of the axial nature of the emission of light is an 
important contribution to the general problem of radiation. 

The electric field of the isolated hydrogen atom possesses (at least 
approximately) central symmetry. The superposition of a uniform 
external electric field gives a resultant field having axial symmetry. 
Along the axis, however, the field is asymmetrical: on the one side 
the atomic field is strengthened, on the other side weakened, by the 
external field. The corresponding series lines of the heavier elements 
(without external field) are found to behave analogously to the Stark- 
efiect components of the hydrogen lines. From this Stark concluded 
that the atomic field of these elements must have a structure analogous 
to that of the hydrogen atom in an external field. This structure is 
apparent, e.g. in the axial nature of the valency fields of atoms like 
carbon and nitrogen. 

There is a genetic relationship between the electric field of an atom 
and the electromagnetic field of the light which it emits. Hence the 
light emitted from an atom whose field has an axial structure may be 
expected to show corresponding axial properties. Experiments carried 
out by Stark showed that this is actually the case. 

In order to he able to observe the axial properties of the light, it is 
necessary to orient the emitting atoms in a definite manner; otherwise 
the emission takes place in all directions and only natural light is 
observed. 

For the purpose of directing the emitting atoms Stark made use 
of the so-called ''axial effect of canal rays”. This is the orientation 
effect observed when canal rays are passed through a gas. Whenever 
a canal -ray particle strikes or passes close to a gas atom, the latter 
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exerts a directing force upon it. Hence the canal-ray atoms are all 
oriented in the same manner. 

Under these circumstances the light emitted by the oriented canal 
rays is found to be polarized. This is true both for atoms in motion 
and for atoms at rest. The quantity 



where l v and I s are the intensities of the components polarized parallel 
and normal to the canal-ray direction respectively, is not of the same 
sign for all lines. The sign differs for different elements and for different 
series. 

In addition to this polarization, the light emitted by the canal rays 
shows axial properties as regards intensity. The intensity of emission 
in the forward sense along the direction of the canal rays is not the 
same as that in the backward sense (Stark, 1910). In the actual 
experiments the observations are not made in the direction of the canal 
rays, but at various angles. The intensity ratio I 45 °/I 135 - is then a 
measure of the magnitude and direction of the axial nature of the 
light. The direction in the case of emission from atoms at rest may 
be opposite to that in the case of atoms in motion. 

The atoms can also be oriented axially by means of an applied 
electric field normal to the direction of motion of the canal rays. 
Interesting relationships are then observed in the relative intensities 
of the components in the longitudinal Stark effect. Thus, for example, 
the ratio of the intensity of a component displaced towards the red to 
that of the corresponding component displaced towards the violet is 
found to be less than unity for all the hydrogen lines of the Balmer 
series hitherto investigated, the emission being in the same sense as 
the electric field. This ratio is also less than the corresponding ratio 
when the emission is in the opposite sense. 

The polarization of characteristic X-radiation, mentioned on p. 58, 
also indicates that the emission must be axial in character, i.e. must 
deviate from the classical assumption of spherical symmetry. 

D. The Wave Properties of the Electron' 

9. Interference Effects with Electrons. 

Some features of the interaction of moving electrons with matter 
have already been discussed in Chapter I (p. 33). All the phenomena 
dealt with so far have been in harmony with the theory that electrons 
are minute corpuscles spinning about their own axes. Yet. just us 
radiation (previously regarded as consisting of waves) has been found 
to have properties which are best accounted for by a corpuscular 
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theory (see p. 117 et seq .), so also in the interaction of electrons with 
matter phenomena have been observed which are best accounted for 
by a wave-theory of electrons. Thus moving electrons are found to 
show interference effects such as are usually regarded as characteristic 
of waves. Prom the effects it is possible to ascribe a definite wave- 
length to the electrons in question. 

Historical. — The first indications of effects of this sort were observed by 
X) a vis son and Kttnsman in 1923, but no special attention was paid to them at 
the time. The first definite evidence of the wave-nature of electrons was supplied 
in 1927 by the experiments of Davisson and Germer on the reflection of electrons 
at the surface of single crystals of nickel. These experiments attracted great 
interest in view of the fact that three years previously De Broglie had predicted 
the possibility of such effects from purely theoretical considerations. De Broglie’s 
formulae were found to be in agreement with the experimental measurements. 

Diffraction of Electrons by a Lattice. — The undulatory nature of 
light is deduced from interference phenomena. One of the simplest 
methods of determining wave-lengths depends on diffraction effects 



Fig. 21. — Diagram of the experimental apparatus 
for investigating the diffraction of electrons by a grating 
(angles greatly exaggerated). 


produced by a grating. In 1928 Rupp succeeded in showing that 
electrons incident on ruled metal gratings exhibit entirely analogous 
diffraction effects. 

The beam of electrons originating at 3"] (fig. 21) strikes the metal plate G 
at the very small angle 0. The metal plate is ruled in parallel lines (say 1300 per 
centimetre). The electrons are reflected so as to fall on a photographic plate 
placed, as shown in the figure, at a distance GE— l from the point of incidence 
of the electrons upon the grating. On the assumption that a definite wave-length 
a can be ascribed to the electrons, we shall get (in addition to the regularly re- 
flected maximum at R) a series of diffraction maxima Bj, JR. Then, if the angle 
RG Jq is a. a simple argument exactly similar to that for the corresponding optical 
ease gives cosO — cos(0 — cx.) = n\jd, or, for small values of 0 and a, 

7t a = h/a(oc -1- 20), 

where d is the grating constant and ?i the order of the diffraction maximum. 

In this method d and a are known, while A and 6 (the latter on 
account of its smallness) are to be found. Hence in order to determine 
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A absolutely it is necessary to measure the position of at least two 
diffraction maxima. The conditions which must be fulfilled if the ex- 
periment is to succeed are as follows: (1) the grating must be of metal, 



_*L 





of apparatus for investigating the diffraction of elec- 
trons by a grating (after Rupp) 


K, cathode; G, incandescent wire (second cathode); b , screens with 
small holes; Gi, grating; W, incandescent wire for bombarding the grating 
with electrons for the purpose of cleaning it; F, photographic plate. 

[From Ergebnisse der exakten Natumv issenschaf ten , Vol. IX (Springer, Berlin).] 


so that surface charges may be avoided; (2) the electron beam must 
be subjected to a longitudinal magnetic field in order to keep it suffi- 
ciently sharply defined; and (3) the surface of the grating must be 
previously freed from adsorbed gases by bombardment with fast 



Fig. 23 . — Diffraction of electrons on reflection (after Rupp) 

<3, without grating; 6 , with grating (150 volts). The directly 
reflected beam is on the left. To the right are two orders of 
diffraction. 

[From Ergebnisse der exakten W a tu riv issenschaf ten t \ ol. IX (Springer, Berlin).] 


electrons. The experimental arrangement is shown diagrammaticallv 
in fitT. 22. Typical experimental results are reproduced in fig. 23. Two 
maxima are seen in addition to the directly reflected maximum. 


In those experiments the angle 0 was found to be about 10 3 . The wave- lengths 
were found to be 1*5 A. for 70 volts, 1*0 A. for luO volts, and 0-7 A. for 3U» volts 
accelerating potential. Thus the wave-lengths asenbable to these cathode rats 
(moving electrons) are of the same order of magnitude as those of X-rays, and 
decrease with increasing electron velocity'. There can be no doubt that the dit- 
f motion effects are produced by electrons, because the diffraction pattern can 
he displaced by the action of a magnet. This shows that the effects cannot arise 
from electromagnetic waves. 


De Broglie’s Hypothesis. -In 1921. before effects of the kind referred 
to above were known experimentally, De Broulik in his doctorate 
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thesis put forward the hypothesis that a wave-motion can be associated 
with every mass in motion. This idea was suggested to him by the 
analogy which exists between one of the fundamental laws of mechanics, 
the so-called principle of least action, and one of the fundamental 
laws of optics, Fermat’s principle (Vol. IV, pp. 221 and 222). The 
former principle states that the path described between the points 
A and B by a massive particle under the influence of forces is such that 
the line-integral of the mechanical velocity v is a minimum (or has an 
extreme value). This may be expressed as follows: 

I vds — minimum. 


where ds is the element of path. As was shown by Maupertuis and 
Euler, the fmidamental equations of mechanics can be deduced from 
this principle. Fermat’s principle, on the other hand, states that the 
optical path of a ray of light between two points A and B is such that 
the time taken is a minimum (or has an extreme value). This may 
be written in the form 



= minimum, 


where u is the wave velocity. We see that the two fundamental 
principles are formally analogous, the mechanical velocity v on the 
one hand corresponding to the reciprocal of the wave velocity u on 
the other. 

In order to obtain a connexion between moving mass m and wave, 
De Broglie as a pure hypothesis equated the mechanical momentum 
of tlie mass (namely, niv) to the momentum h/X (see p. 224) of the waves 
associated with it, i.e. he put 

h , h 

- — niv or A — — 

A mv 


In applying these equations to electrons it is convenient to make 
use of the volt- velocity U = ^nw^je instead of the mechanical velocity 
v. Substituting the known values of e, in, and A, we obtain 

/ 150 „ 

^ pr X 10 -8 cm., 

where U is measured in volts. 

It follows that electrons with a velocity of 150 volts are associated 
with a wave-length of 1 A. Actually the wave-lengths obtained from 
the diffraction experiments described above agree within the limits 
of experimental error (a few per cent) with the values anticipated from 
the formula. Hence it is established that moving electrons do in fact 
possess a quite definite wave-length, just as light does. 
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It must be clearly realized, however, that there is a fundamental 
difference between electron waves and light waves. Light waves are 
electromagnetic. Their velocity of propagation in space devoid of 
matter is c = 3 x 10 10 cm. /sec. The waves of moving electrons are of 
quite a different character, and their real nature is so far unknown. 
The velocity of propagation of their energy (i.e. their group velocity — 
see Vol. IV, p. 172) is equal to the mechanical velocity r of the massive 
particle. Now it will be shown below that the wave velocity u (phase 
velocity) is given by u = c 2 /v. Hence, since v must always be less than 
c (p. 230), this wave velocity must always be greater than the velocity 
of light. For example, electrons moving with the velocity of 
10 10 cm. /sec. (about 30,000 volts) must have ascribed to them a wave 
velocity three times that of light. 

The equation u = c 2 /u referred to above follows from the relation- 
ship Xv = u , which holds for all waves, and from the energy equation 
hv = me 2 , which is found to hold for electron waves. Combination of 
these equations gives mc 2 =huj A. Since, in addition, A — k/(mv) 
(see above) we obtain 

c 2 = ZIV. 

We have no knowledge of the real nature of electron waves. The fact that 
their velocity of propagation (wave velocity) is so much greater than the velocity 
with which their energy is propagated (group velocity) need not cause surprise. 
The difference between wave velocity and group velocity has been dealt with 
in Vol. II (p. 222). Reference may be made in this connexion to Michelsox's 
measurements of the velocity of light in carbon disulphide (see Vol. IV, pp. 219, 
220 ). 

10. Further Experiments on the Wave Properties of 
Electrons 

Since the wave-lengths of electrons of experimental] v-attainable 
velocities are of the same order of magnitude as those of X-rays, and 
since a crystal lattice constitutes a periodic array of disturbing points 
for electrons just as it is for X-rays, we may expect to get interference 
effects when electrons are allowed to fall on a crystal. One fundamental 
difference between electrons and X-rays must, however, be taken into 
account: electrons carry an electric charge and hence may be deflected 
by electric or magnetic fields. These deflections are greatest for elec- 
trons of lowest velocity. When slow electrons are used, the fields 
which exist in crystals may therefore be expected to cause appreciable 
deviations from the behaviour of X-rays. 

Diffraction of Fast Cathode Rays by Crystals. All the three X-ray 
methods, the Brack; method, the Lack method, and the Dkhyk- 
Scherrkr method, find their analogues in the ease of fast electrons. 

Fig. 24 illustrates the principle of the experimental apparatus for 
making fast electrons pass through thin foils. The beam of electrons 
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is emitted from the incandescent electrode G and, after passing through 
a series of small holes in screens B, falls oil the thin foil F (or on a very- 
fine powder spread over the surface of a foil). The trace received on 

the photographic plate P shows (in 
— | — | — | addition to the central point corre- 

USD sponding to direct passage of the 

B electrons through the foil) a num- 

ber of rings corresponding to the 

tigating the passage of electrons through DEB\ E-SCHERRER TingS obtained 

thin foils. with X-rays. The central spot 

is diffuse on account of the effect 
discussed on p. 234. The thickness of the metal foils used lies between 
10~ 6 and 10~ 7 cm. They may be prepared either by condensation 
upon rock salt which is afterwards dissolved away (Rupp’s method) 
or else by sputtering upon cellulose acetate (G. P. Thomson). If the 
^ ^ ^ ^ foil is too thic^v no interference 

cause the interference pattern is 

Fig. a 5 . —Diffraction of fast electrons distorted when a magnet is held 

(36,000 volts) by a silver foil (A — o-o6 A.) , 

near the plate (see fig. 26). The 

Physik, Voi. LX (Springer, Berlin).] pattern produced by X-rays of the 

same wave-length would present 
the same initial appearance as that produced by electrons, but would 
remain quite unaffected by a magnet. 

Measurements upon the interference patterns obtained with elec- 
trons show that the electron waves behave quantitatively in the same 
way as X-rays. The same formulae for the interference maxima apply 
to both, and the same value is obtained for the lattice constant of the 
crystal, provided that the wave-length ascribed to the electrons is in 
accordance with the equation already given above. When fast elec- 
trons of different velocities are used, the. differences in the respective 
interference patterns are in agreement with the formulae. 

Peculiar results are obtained with thin slips of mica, which are single crystals. 
In this ease, as is to be expected, the pattern is analogous to the hAUE type of 






-Diffraction of fast electrons 


(36,000 volts) by a silver foil (A — 006 A.) 

[From Mark and Wierl, Zeitschrift fiir 
Physik , Yol. LX (Springer, Berlin).] 
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X-ray pattern (see fig. 27). At higher electron densities interference effects of 
quite a different character appear. These are similar to the effects produced with 



Fig. 2.6 . — Distortion of an electron diffraction pattern 
by a magnet (after Thomson) 


light, when a two-dimensional lattice is used. Thus under these conditions the 
mica loses its periodic properties in the direction of the beam — a consequence. 



Fig. 27. — Diffraction of electrons by thin mica 
(45,000 volts) 

[From Jahrbuch des Forschu ngsi nut it u ts der A.E.O., 
Vol. II (1030) (Springer, Berlin.] 


as Rup? showed, of the splitting of the crystal under the intense electron bom- 
bardment. With thicker sheets of mica more complicated processes occur and 
patterns like that shown in tig. 28 are obtained. 
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Experiments with Cathode Rays of Moderately High Velocity* — 

The principal experiments of this kind (with electrons of a few hundred 
volts velocity) were carried out by Rupp in 1928. The conditions of 



Fig. 28. — Diffraction of electrons by thicker mica (\ — 0-048 A.) 

Twice original size 

experiment are less favourable than for fast electrons, the chief diffi- 
culties being the preparation of sufficiently thin foils, the rendering 
of the electron beam uniform in velocity, and the sensitization (by 



Fig. 29. — Diffraction of moderately fast cathode rays 
(180 volts) by silver (after Rupp) 



means of oil) of the photographic plate. Fig. 29 is a reproduction of a 
diffraction pattern obtained with a silver foil and electrons with a 
velocity of 180 volts. A method considerably simpler than photo- 
graphic recording is to determine the electron distribution behind the 
foil by means of a collecting cage. 

Measurements upon the observed diffraction patterns show that 
they do not obey the X-ray formulae. This result is due to influence 
of the fields of the lattice on the slow electrons. 
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Refractive Index and Internal Potential. — The deviations from the .X-ray 
formulae can be accounted for by supposing that the wave-length of the electrons, 
which is a in air, assumes a different value X M in the interior of the metal. We 
may accordingly introduce a Refractive index g, defined by analogy with the 
optical case as p, = X/X . Such an alteration of wave-length involves a corre- 
sponding change of velocity (see the equation on p. 246), which indicates that the 
electron is subjected to an electric field in the direction of its motion. In the 
case of metals g is greater than unity; in the case of non-conducting crystals it 
is generally less than unity. With increasing electron velocity the value of g 
approaches unity for metals. Thus on penetrating into a metal the electrons 
are accelerated by an electric field. If the extra velocity so imparted is E 0 (in 
volts), we have 


g = 


X 

A.., 


/u + E 0 

v t r 


where U is the original volt velocity. This inner electric field is probably also 
the cause of the work which must be done in order to free an electron from the 
metal in the photoelectric effect. The so-called inner potential (in volts), as 
calculated from the refractive index for electrons, has the following values for 
different metals: 

Fe Zn Ni Cu Ag An A1 

14 16 16 13-5 14 14 17. 


Regarding the fact that g is less than unity for non-conducting crystals, i.e. that 
the electrons have to overcome an opposing field, it is not possible to make any 
precise statement, since the opposing field 
might be due to electrons which had 
adhered to the surface. 

In the diffraction patterns ob- 
tained with electrons rings are often 
observed which do not appear in 
the corresponding X-ray patterns. 

Their non-appearance with X-rays 
is due to the effect of interferences 
of high orders which are negligible 
in the case of electrons, owing to 
the relatively small penetration of 
the latter into the crystal. 

Maxima are also observed with 
electrons at positions corresponding 
to half-integral orders. These are 
given by metals containing gases. 

Their cause is not yet fully understood. 

Diffraction of Electrons by Gases. — Just as in the case of X-rays 
(Dehye, 1927). diffraction effects can be observed when electrons arc 
made to pass through a stream of gas (Mark and \\ ierl. 1950). big. 
30 shows a typical ring pattern. The theory given by Debye makes 
it possible to determine, from the distances between the rings, the 



Pig. 30. — Diflracuon ot electrons by a 
beam of vapour <CCl 4 ; 3(1,000 volts) 

[Prom b'rqebtiis se der t.xaktrn S'^iturz 
schtijtdii, Vol. IX C n330) (.Springer, Berlin i.j 
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distances between the atoms in the molecule of the gas. Eor example* 
the distance between the chlorine atoms in the CC1 4 molecule is found 

to be 3-14 A. The method promises to give 
valuable information in a number of important 
chemical problems. 

Experiments upon the Reflection of Electrons. 

— The first experiments which indicated that 
interference effects could arise in the interaction 
of electrons and crystal lattices were of the 
reflection type (Davisson and Gbrmer, 1927). 
The first method corresponds to the Laue method 
for X-rays (p. 63 ). The experimental arrange- 
ment is shown diagrammatic ally in fig. 31. A 
narrow beam of electrons from tbe source E is 
allowed to fall on the crystal. In the figure 
the octahedral (111) face of a cubic crystal has 
been chosen. The intensity of the electrons 
thrown back (reflected) from the crystal at 
various angles is determined by means of the 
collector X. The crystal can also be rotated 
about a normal to the face under investigation 
(variation of azimuthal angle). In this way a complete record of the 
distribution of the reflected electrons in space is obtained. In 
addition, determinations can be made for different electron velocities, 
as well as for different positions of the collector in space. JBy means of 
an auxiliary opposing field the collector is adjusted so as to admit, 
only electrons wdiich. have suffered no loss of energy. 

Fig. 32 shows the results of a series of measurements with electrons of different 
velocities, using the (111) face of a single crystal of nickel. In each polar diagram 



Fig. 3 1 . — -Diagram of 
apparatus for investigat- 
ing the reflection of elec- 
trons from a face of a 
single crystal ((n i) face). 


MV 



Fig. 3 z . — Reflection of electrons of different velocities at the 
(iii) face of a single crystal of nickel 


the radius vector is the intensity of reflected electrons and the anglers are the 
corresponding 0-values (see fig. 31). The crystal is kept in one definite orientation 
throughout. We see that there is a very marked maximum of reflection for 
0 = 5(T and for electrons of velocity 54 volts. This maximum is almost exactly 
in the spatial direction in w hich X-rays of the same wave-length would show' an 
intensity maximum in consequence of interference effects produced by the crystal 
lattice. (The wave-length of the electrons is calculated from the formula 
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X = V150/U X 10~ 8 cm., given on p. 246.) The agreement is not quite exact. 
The discrepancy is now known to be due to the effect of the internal held of the 
crystal lattice upon these relatively slow electrons (see above). When the internal 
potential is taken into account the discrepancies vanish. There can be no doubt 
that the observations here described are true interference effects, for the maxi- 
mum represented in fig. 32 is not the only one which appears. Maxima are found 
for all the directions and all the wave-lengths for which maxima are to be 
expected from the theory of the corresponding X-ray case. 

In another method, analogous to the Bragg X-ray method (p. 70). 
the electron beam is allowed to fall on the crystal at different angles. 



Fig* 33* — Diffraction 
maxima in the reflection 
of electrons at the (in) 
face of a single crystal of 
nickel. 



0J 


Fig. 34. — Diffraction of electrons of dif- 
ferent velocities at the ( 1 1 1 ) face of a single 
crystal of nickel. Angle of incidence io . 



and the intensity of electron reflection at different angles is measured 
by means of a collector with a small aperture. A maximum is observed 
whenever the Bragg condition (p. 68) is fulfilled for the particular 
angle and wave-length (i.e. velocity) in question. This is exemplified 
in fig. 33, where the intensities of reflection at different angles are 
plotted in polar co-ordinates. Alternatively, the angles of incidence 
and reflection may be kept constant and the electron velocity varied. 
Fig. 34 shows an example of the successive maxima obtained in this 
type of experiment. 

In summary, we may say that the experiments on the reflection of 
electrons from crystal faees show that diffraction effects occur which 
are completely analogous to the effects for X-rays, provided that tin* 
refractive index of the crystal for X-rays is taken into account and 
that a wave-length is ascribed to the electrons in accordance with 
De Brog lie’s relation. 

II. Variability of Electron Mass and Polarization of 
Electrons 

Determination of the Variation of the Mass of an Electron with 
Velocity. — The Drc Brihjlie equation for the wave-length of electron 
waves involves the mass of the electron. This, however, varies with 
velocity, and the value of the mass used in the equation must be the 
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value for the particular velocity in question. Conversely, the mass can 
be determined from accurate wave-length measurements by inter- 
ference methods. By using electrons of different velocities it is thus 
possible to determine the variation of the mass. 
Determinations of this kind were carried out by 
Rupp, whose measurements extend up to velocities 
of 250,000 volts. The wave-length measurements 
were made by observing the diffraction rings ob- 
tained with a thin polycrystalline gold foil (see 
fig. 35), and using the ordinary X-ray formula. 
The lattice constant was determined by means of 
corresponding X-ray diffraction experiments. The 
results gave a variation of electron mass with velocity 
in accordance with the equation 



Pig- 3 5- — Diffrac- 
tion of 230,000 volt 
electrons by gold 
(natural size). 

[From Jahrbuch 
des Forschungsinsti- 
tuts der A.E.G. y Vol. 
Ill (1933) (Sprin- 
ger, Berlin).] 


m = 




c* 


which has already been given on p. 228 above. From this may be 
deduced the following formula for the wave-lengths of electrons at 
the higher velocities: 


A = 


149*55 10- 

— ■== — - • — -- — ~ — — cm., 

U Vl + 9*836 X 10- 7 U 


where U is the volt velocity. The correction due to the factor 
lj\/l + 9*836 X 10~ 7 U amounts to about 5 per cent for a velocity 
of 100,000 volts and to as much as 11 per cent for 250,000 volts. 

Accurate determinations of the wave-lengths of slow electrons have been 
carried out by Buhl, who found that the variation with velocity is in good agree- 
ment with the Be Broglie relation. This relation is accordingly capable of 
accounting for observed results for electron velocities ranging from 0*02 c up to 
0-75 c, where c is the velocity of light (3 X 10 1(1 cm. /sec.). 

The equation of Be Broglie may be written in the form 

oV 1 



Hence, since e/m Q is known very accurately (Vol. Ill, p. 321), it is possible to 
determine the value of 7i ,e very accurately from diffraction and velocity measure- 
ments. Rupp lias carried out measurements of tins kind and found that 
}i.'e = 4-1366 X 10“ s erg-sec. per coulomb 3-1 per mille. The values obtained 
by other methods, using the equation Av = d T , are: (1) 4-1227 >; 10~ 8 from the 
ionization potential of mercury; (2) 4-1 15 x 10~ H from the short-wave X-ray 
limit; and (3) 4-108S X 10"“ 8 from the photoelectric effect in metals (p. 121). 

Polarization Phenomena with Electron Beams. — We have already 
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seen (p. 209) that it is necessary to ascribe a spin to the electron. This 
indicates that the electron must possess a definite axis. Hence we 
may expect that the electron waves will show phenomena correspond- 
ing to the polarization of light. The electrons of 
a beam are oriented in two opposite directions by 
passage through a magnetic field (p. 207). Thus 
under these conditions we have two independent 
trains of electron waves. In the case, of light two 
trains of -waves cannot interfere when their planes 
of polarization are at right angles. In the case 
of the electrons the angle between the two spin 
directions is 180°. 

A simple method of producing polarized light 
is by reflection at a mirror. Analogous investiga- 
tions have been carried out by Doiond and bv 
Rupp with electrons reflected at 90° from a gold 
foil. In one set of experiments the diffraction 
effects were observed; in another the distribution 
of intensity on reflection from a second surface 
was determined, as in the Norreistberg polariza- 
tion apparatus for ordinary light (Yol. IV, p. 227). In the first set of 
experiments it was found that there are intensity differences in the 
diffraction patterns, depending on whether the electron beam had pre- 
viously been reflected at 90° by the gold foil or not. This can be seen 



Fig. 36. — Asym- 
metrical intensity 
distribution in the 
diffraction of elec- 
trons (250,000 
volts) by gold foil, 
arising from elec- 
tron polarization. 

[F rom yahrbuch 
des Forschungsin- 
stituts der A.E.G . , 
Vol. III (1933) 
(Springer, Berlin).] 



Fig- 37 * — Rotation of the symmetrical intensity distribution by means of a 
longitudinal magnetic field. {220,000 volts; / 5 cm.) 

[From yahrbuch des F o rsch u ngsins tituts der A.K.G Vol. Ill (iQ33> (Springer, Reilinh] 

by comparing figs. 35 and 30. In fig. 35 an ordinary beam of electrons 
was used and the intensity of the rings is uniform. In fig. 50 a 
beam of previously-reflected electrons was used and the rings show 
a greater intensity on one side. The effect can be seen best tor 
the outer rings, the maximum of intensity being market l in the figure 
by two dots close together. 

This effect must be connected with the axial properties ol the 
electrons (i.e. with properties analogous to polarization), because the 
intensity distribution is turned through a definite angle when the 
electrons are made to pass through a longitudinal magnetic field. 
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The axis of the electron precesses about the lines of force of the longitudinal 
magnetic field. The period of this precession is given by v = 47rmc/(eH) (see 
p. 204). If the electron travels a distance l through the field at velocity v, the 
duration of the influence of the field is t = 1/v and the angle through which the 
electron axis is turned is therefore <p = 2rzt/'z. This turning effect can be clearly 
seen in the intensity distribution of the two diffraction photographs reproduced 
in fig. 37. 

It should be mentioned, however, that careful experiments by 
G. P. Thomson, and by Dymond, showed at most only a small fraction 
of the polarization to be expected from the theory. 

E. The Wave Properties of Material Particles 

12. Diffraction of Atomic Rays by Crystal Lattices 

The De Broglie relation is applicable to any mass. In particular, 
it may be applied to light. Even in the case of atoms (and perhaps 

also assemblages of atoms) it ap- 
pears from experimental results 
that certain phenomena are gov- 
erned by the wave-length ascrib- 
able to the total mass. Again, as 
with electrons, the wave nature of 
matter is apparent in diffraction 
effects. Ellet and Olson observed 
such effects in 1928 in studying 
the reflection of beams of cadmium 
and mercury atoms from rock salt. 
They were able to show that the 
reflected atomic rays were always 
uniform for one direction, but that 
the magnitude of the velocity (and 
hence the wave-length ascribable 
to the rays) depended upon the 
angle of reflection. This result is 
quite analogous to that for X-rays, 
where out of an incident beam 
containing a continuous range of 
wave-lengths only that wave-length is reflected which satisfies the 
Bragg relation for the particular angle of reflection in question. 

The experiments of Estermaxn and Stern (1930) are more con- 
vincing. In the reflection of atomic rays at crystal faces they obtained 
(in addition to the regularly-reflected beam) maxima of intensity 
corresponding to the orders of diffraction (see tig. 38). 

Clear proof of the wave nature of protons is provided by the 
experiments of Rupp (1932). in which protons accelerated by a poten- 
tial of 200,000 volts were shot through gold foils. Diffraction rings 



~20° -!U U +]Q° +20° 

ngle relative to the directly-reflected 
beam 

Fig. 38. — Presumed diffraction effects 
in the reflection of helium atoms by lithium 
fluoride. Angle of incidence 1 8 A ° (after 
Estermann and Stern). 
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were obtained, just as in the experiments with electrons referred to on 

p. 252. 

In the case of protons the He Broglie relation is a = ?i '(Mr)= (28*6/ \ ' U) :< 10~ 10 
cm., TJ being measured in volts. The diffraction rings satisfy the X-ray type of 
formula, namely, wX= 2 d sin-l-cp. On account of the smallness of >., 9 is "also very 
small, and hence the photographic plate must be placed at a large distance (3*5 
metres) from the foil. The beam of protons is produced in a special part of the 
apparatus, a potential of 2000 volts being used. The canal- 
ray particles IT" and EL 4 " passing through the perforated 
cathode are then accelerated in another part of the apparatus 
by the potential of 200,000 volts, after which they pass 
through a narrow passage 20 cm. long which has apertures 
about 5 mm. long and 0*1 or 0-06 mm. in diameter at either 
end. Finally the proton beam is incident upon the gold foil 
and then upon the photographic plate. Fig. 39 shows a pattern 
of diffraction rings obtained in this way. The actual record 
has been intensified in reproduction so as to make the rings 
clearer. The figure is twice the original size. The wave- 
length calculated from the diffraction pattern is found to 
agree within one or two per cent with that calculated from 
the Be Broglie relation (X= 6*40 x 10 ~ 12 cm.). 

Diffraction rings belonging to the HL 4 " particles present in the beam were not 
observed. 



Fig\ 39 - — Diffrac- 
tion of protons (about 
200,000 volts) by 
gold foil (after Rupp; 
about Twice original 
size). 

(From Zeitschrift fur 
JRhysik , Vol. LXXYII I 
(1932) (Springer, Ber- 
lin).] 


F. The Wave-mechanical Model of the Atom 

13. The Schrodinger Equation 

The recognition of the wave nature of the electron has led to the 
construction of a new atomic model, the foundations of which were 
laid by Schrodinger in 1925. 

Wave Representation of an Orbital Electron. — The following simple 
argument will show that the wave theory of the electron is capable 
of forming a suitable basis for an atomic model. 

The equation for the displacement S in a sinusoidal wave of am- 
plitude A progressing in the direction of increase of the distance 
co-ordinate s has been given at the bottom of p. 220 of Vol. II; it is 

S = A sin j"~ 2 — ^ vt — ^ - 

Some of the symbols have been altered in writing the equation here, 
and the frequency v lias been introduced instead of the reciprocal of 
the periodic time T. The wave-length as usual is denoted by A. 

A Ye shall now apply this wave equation to the case of an electron 
which, according to the Bohr model, is circulating in an orbit about 
the nucleus of an atom. Let us consider a circular orbit for simplicity, 
assuming it to be so small that the wave-train associated with the 
electron extends at least right round the circumference. Thus the 
( E il."> 7 ) 18 
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distance s in the wave equation is the length of arc measured round 

the circular orbit. The angle 2rr ( v,_ 0 occurring in tlie equation is 

called tire phase angle <^>. At a given moment ( t = constant) the 
difference of phase d<p between two points a distance ds apart 
is clearly 

d<j> = —277 - 


The phase difference between two points 1 and 2 at a finite distance 
apart on the orbit is therefore 


02 — 01 




Imagine the point 1 as remaining fixed, while the point 2 is moved 
farther and farther from it round the orbit. Eventually 2 will have 
been moved right round the circle and will reach the point 1 again. 
The phase difference introduced by this complete circuit of the orbit is 

2 


X 


the circle through the integral sign indicating that the integration 
extends once round the orbit. Now if the state is to be stationary, the 
quantity S, as also its time derivative, must have a single definite value 
at each point. Hence when the point 2 becomes coincident with the 
point 1, we must have 

sin</> 2 = sin <f> ± , 

and 

cos <^> 2 = cos</> 1? 

i.e. </> 2 — <f>i must be an integral multiple of 2tt. This may he written 
in the form 

2 * 7 7 * P 

(hds = 2rrn 9 


A 


i.e. 


(f)ds = 


n A. 


Thus only those circular orbits are permitted for which the circum- 
ference is a whole number of wave-lengths. 

The momentum G associated with the waves is given by the 
equation 

h 
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Combining this with the above relation and substituting §ds = 
where r is the radius of the orbit, we obtain 

2tjtG- = nh. 

Now rGt is the angular momentum J. Hence we have finally 



In words: Only those circular orbits are permitted for which the angular 
momentum is an integral multiple of h/(27r ). 

But this is just the quantum condition postulated in connexion 
with the Bohr atomic model. It is here seen to follow simplv from 
the concept of electron waves. 

Treatment of the problem in the above simple fashion can only serve to give 
a first insight into the kind of relationships involved. Actually the wave system is 
three-dimensional, and further analysis is necessary in order to prove that the 
more general theory is in accord with observation. However, even the foregoing 
simple argument indicates that the wave theory is a most promising line to follow 
up and that important results may be confidently expected from the method 
which treats the discrete stationary states of an atom in much the same way as 
the discrete modes of vibration of a stretched string subject to given boundary 
conditions. 

The underlying idea of the wave-mechanical treatment of the atom 
is to regard the different stationary states as different proper modes 
of vibration (in general very complicated) of a certain quantity whose 
nature we regard for the time being as unknown. The wave-length 
involved is determined by the De Beoolie relation. Just as a mecha- 
nical system subjected to boundary conditions (e.g. a string fixed at 
its ends, or a membrane fixed at its edge) can only assume certain 
discrete modes of vibration, so the atomic system is regarded as sub- 
ject to certain boundary conditions and therefore capable of assuming 
only certain discrete modes of vibration, i.e. the stationary states. 
The problem, so far as its mathematical discussion is concerned, is 
to describe the vibrations by means of equations of the kind used in 
the classical case in which a continuous medium is assumed. In this 
connexion it is important to realize clearly that the medium mathe- 
matically introduced in this way into the theoretical discussion of the 
atom need not have any real existence. It is essentially a mathematical 
concept, just as the motions in phase space discussed on ]>. 188 are not 
real motions, but only mathematical concepts associated with real 
motions. We shall see. however, that in certain eases it is in fact 
possible, to ascribe a physical meaning to the quantity involved in the 
wave motion. 
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Wave Equation. — For any train of waves we have Xv = u } where u is the 
velocity of propagation. Substituting in the wave equation 

8 = A sin |j2n: (vr — 


given on p. 257, we obtain the slightly different form 

S = A sin (t - *)] . 

This equation refers to the particular case in which the wave form is sinu- 
soidal. In general a quantity S whose form is propagated with velocity u in 
the ^-direction may be any function (say the function F) of the variable 
(t — s/u). Thus the general wave equation, of which that given above is a 
particular case, is 

s - F ( ! -«y 


It is not difficult to see the meaning of this equation. Let us fix our attention on 
the point defined by one particular value of s . The value of S at this point at the 
time (f 4“ 1) is 


S (t 4- 1, s) = F 




I — 



“) 


= S(6 s — u). 


Thus we see that the value of S at any point and at any instant is the same as it 
was one second earlier at a point a distance u farther back. In other woi'ds, the 
form of S is propagated in the 5-direction with the velocity u . 

By differentiating the equation 


S = 



twice with respect to t, we obtain 


£ 2 S = ™ 
e't 2 


where F" represents the second differential coefficient of F with regard to 
Similarly, by differentiating twice with regard to s , we obtain 



S F" 


The last two equations can be combined to give 


6 2 S 

et 2 


6 5 2 


This is the differential equation of wave motion. It applies to the one-dimensional 
case in which the waves are propagated in the ^-direction only. In the three- 
dimensional case, in which the waves spread out. through space, we have to take 
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the x - , y-, and s-directions into account. The form of the differential equation 
obtained is similar to that for the one- dimensional case, namely 


£*S = ^2 , £®S , d^S\ 

cV 2 \&r 3 ~ T " £y 2 3z 2 )' 


This is often written 


££ 2 


u 2 AS, 


where AS is an abbreviation for ?_ ^ -f- 

a^ 2 

The Schr 6 dinger Wave Equation. — In the wave theory of the atom 
a stationary state is regarded as a mode of vibration under certain 
boundary conditions. We shall consider the case of a single particle, 
e.g. an electron. If we assume that the displacement S at any point 
is a sine function of the time t , we may write 

S = ift sin 2 t rvt, 


where v is the frequency and ift the amplitude at the point in question. 
The value of the amplitude depends upon the particular point chosen, 
i.e. ijj is a function of the space co-ordinates. By differentiation we 
obtain 

3 2 S 

= — 47r 2 v 2 0 sin27rv£. 


In the same way 


02S 
dx 2 


sin27Tvt 


3V 

dx 2 ’ 


0 2 S c 2 S 

Exactly similar expressions hold for and If we substitute 

these expressions in the differential wave equation given above, namely 

G '~® ,,2 \g 

dt 2 ~ Ab ’ 


we obtain 


Aib 


4l7T 2 V 1 


Now De Broglie’s relation states that 


- = A = h . 
v m v 


Substituting this in the last equation, we have 


A if; 



0. 
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Finally we may put 


= 2E kin . = 2(W - E pot J, 


where W is the total energy and E kiru and E pot . are the kinetic and 
potential energies respectively. This gives finally 

A v|> + 8lZ ~ (W — E co ,)4> = 0. 


This, the so-called Schrodinger wave equation, forms the founda- 
tion of the wave-mechanical treatment of the problem of a moving 
particle. 


The equation represents a vibration in three-dimensional space — in the 
mechanical case the propagation of elastic waves of a certain frequency in a non- 
uniform medium whose density at any point is proportional to 87r 2 w(W — E pot .)/& 2 . 
This density is greatest for negative values of E pofc ., i.e. (returning to the atomic 
model) at those regions towards which the electron is attracted. The optical 
analogue is the propagation of a ray in a medium of variable refractive index 
(cf. Vol. IV, p. 107). 

In the case of i particles the wave equation assumes the form 



8tt 2 

h 2 


(W 


Epot.)* = 0. 


This no longer represents a vibration in ordinary three-dimensional space, but 
in 3i-dimensional space. No doubt it should be possible to represent such vibra- 
tions by a three-dimensional picture, i.e. to find, even in the most complicated 
cases, a three-dimensional model, the mathematical description of which is the 
wave equation and its solutions. So far no attempt has been made to do this, 
so that for the time being a direct spatial interpretation can be given only when 
there is a single moving particle (e.g. in the case of a fixed nucleus and one electron). 

Tke equations given above have the following remarkable property. 
If certain definite boundary conditions are prescribed (in tlie acoustic 
case, for example, the definite boundaries of a stretched string or of a 
plate, the positions of clamping, &c.) a physically significant solution 
is only obtainable when the parameter (the energy in the above formu- 
lation) has certain definite values. By a physically significant solution 
we mean one which is everywhere single- valued, finite, and continuous. 
In the acoustic case this property of the equation finds expression in 
the fact that the system can only perform certain so-called proper 
vibrations. The special values of the parameter for which a physically 
significant solution is possible are called the. proper values (Ger. 
Eigemverte) of the differential equation, and the corresponding solu- 
tions are called proper functions (Ger. Eigetif unldionen)* 

The property of the differential equations just referred to may be illustrated 


* The original German terms are frequently used in English, as well as the hybr ids 
eigen-value and eigen-function. The terms characteristic value and characteristic function 
are also sometimes found. 
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by two examples which, have an important bearing on the applications which 
follow. The equation 

g 4- (A - x*)y = 0 


has a solution of the form y — when A takes the value unity, 

be seen by differentiating twice. We have 


dy = 
dx 


— xy; 


drjL ; 

dx 2 


-x‘*V — y= y(x* — 1 ), 


This can 


dfy 
dx 2 


-f- (1 — &)y = 0. 


A further solution is y = 2xe — when A — 3. This again can easily be verified 

by differentiating twice. The general form of the solutions is 

y = He-K 

where H can have the following values: 

H x = 1 when A = 1; H 2 = 2x when A — 3; H 3 = 4x 2 — 2 when A = 5; 
H 4 = 8 x 3 — 12a; when A — 7; H 5 — 1 6x* 4 — 4x 2 -f- 12 when A = 9, 
and so on. 


These values of H are the so-ealled Hermitian polynomials. They can be obtained 
from a simple expansion in series which cannot be discussed here. Thus the proper 
values of the problem are the odd numbers 2n -{- 1 and the characteristic* func- 
tions are the corresponding values of y. It can be shown that these characteristic 
functions are the only solutions of the differential equation in question which 
remain finite when x becomes infinitely great. 

We shall now proceed to consider some special physical cases: 

1. Particle moving under the action of A r o Forces . — Here we have E po t. = 0 
and W — = %mv 2 , where m is the mass of the particle and v its velocity. 

Hence the wave equation becomes 


A t , 4 t z~m 2 v 2 . p. 
A <> + — = 0. 


The factor 4~ 2 m 2 i> 2 /7i 2 is a constant, so that we may write the equation in the form 

— 0 . 

This equation can he solved for all values of c. The kinetic* energy of a particle 
moving under the action of no forces can therefore assume any value. 

2. Linear Harmonic Oscillator (cf. p. 1ST). — In this case, if the displacement 
is given by x = A sin (2— v7), differentiation gives 

— ? = 2jrvA cos(2ttv/) 
dt 


d~x 
dt 2 


— 4tt 2 v 2 A s in ( 2 ~ v/) 


-4~ 2 wx. 


The restoring force acting at the displacement x is therefore 

d~x 4 .> .-> 

— m , = 4~ 

dt 2 
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The potential energy is given by 

E pot — f 4rc 2 V 2 /nxdx = 2tt 2 v 2 mx 2 . 

Jo 

Substituting this in the wave equation, we obtain 


£!v , 37 T 2 m (W 

ex* ^ h? K 


2tc 2 v 2 mo; 2 )4j = 0. 


We may transform this by introducing the new variable 5 defined by E, — xVh, 
where b is the constant 4 tt 2 mvjh. If we make use of the fact that 

k 32t i> 


and write 87r 2 mW jh 2 = a, the equation assumes the form 


dE* 




We see that this is of the same type as the first example referred to above, 
proper values are therefore 


? = 2n + 1, 


The 


where n is an integer. Inserting the values of a and b 9 we have 

W= (2 n+ 1)^ 


or 

W = (n + i)hv. 


Thus we obtain the same result as we did by the quantum theory (p. 188), 
but with the further refinement that the zero-point energy term is simul- 
taneously determined. The quantization of the energy of the harmonic oscillator 
is here seen to follow directly from the concept of the particle as a wave, the 
argument being based on the idea of a continuous medium and not requiring 
the introduction of any such discontinuity postulates as are made in the quantum 
theory of p. 187. 

3. Hotator . — We shall now consider the spatial problem of a particle moving 
on a spherical surface at the constant distance r from a fixed centre. As the 
centre is fixed, no wave need be ascribed to it, and it may be left out of considera- 
tion. 

Since Eki n . and E pot . are both constant, the wave equation may be written 
in the form 


A^ 

r 2 


87T 2 m 

h 2 


Ekin. ^ — 6> 


where, if we take ^ to be independent of r , A 6 contains only differential coefficients 
with regard to angular co-ordinates. It is shown in the elementary theory of 
the functions called spherical harmonics that the solution of this equation is only 
possible for the proper values 

8- 2 wr 2 . . 

P^kin. — ( 71 1)> 
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where n is an integer. Since m and r are constant, the kinetic energy must there- 
fore be n(?i + 1) X constant. Introducing the value E = l m u' 2 , we have 


4~ 2 ?n 2 v 2 r 2 


= n(ti -j- 1). 


Now mvr is the angular momentum p. Hence 


4tt 2 p 2 
h 2 


= n(n I) 


P — y V n(n + 1). 

Thus in this case we arrive at a result slightly different from that obtained by the 
quantum theory (p. 190). Instead of n we now get V ji(b - {- 1). As will be shown 
later, the wave-mechanical result is the one which is in accord with experimental 
observations (see p. 312). 

Fig. 40 shows the proper functions for the first five proper values in the case 
of the linear oscillator. The ordinates are the amplitudes of the stationary waves 



Fig. 40/ — Proper functions corresponding to the first five proper values 
for the linear harmonic oscillator 


(Vol. II, p. 234) associated with the moving mass in the different permitted 
energy states. The abscissae are proportional to distances from the mean position. 
All the curves approach the horizontal axis asymptotically to the right and to 
the left. Similar curves would be obtained for the vibrations of a stretched string 
for which the law of propagation of waves differs for different frequencies. The 
same figure would also be obtained for a string if the wave velocity u were the 
following function of x : u = W/V 2m(W — 2t rwv 2 /-), where W may assume the 
proper values of the equation. Thus the different permitted stationary states 
of the oscillator can be identified with the fundamental modes of vibration of a 
series of stretched strings with the properties just referred to, each proper value 
corresponding to a string of appropriate character. 


14. Wave -mechanical Model of the Hydrogen Atom 

Like the Bohr model, the wave-mechanical model represents a 
massive positive nucleus and an electron in its neighbourhood. The 
potential energy, reckoned relative to the state when the electron is 
removed to a great distance from the nucleus, is given by the Coulomb 
law, namely, E pot . — — e 2 /V, where r is the distance between the 
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electron and the nucleus. The wave equation therefore becomes 

A ^ + ^?( w + 7)^=0. 

This is completely analogous to the equation for a vibrating liquid 
sphere in which the velocity of wave propagation at any point is given by 



The value of u is always real for all positive values of W. In the absence 
of boundary conditions W can assume any positive value. The state 
of affairs is quite different, however, for negative values of W. 
ScHRonrNfGER showed that even without special boundary conditions 
and with merely the condition that ifs must everywhere remain finite, 
single- valued, and continuous, physically significant solutions are only 
possible (for negative values of W) when W has the discrete proper 
values 

-, xr 27T 2 me 4 

where n — 1, 2, 3, 4, . . . . These discrete values (W being the total 
energy) are seen to agree exactly with the energies of the stationary 
states of the hydrogen atom as deduced by the Bohr theory (p. 191). 
The zero for the measurement of energy is here the energy of the atom 
when the electron has been removed to an infinite distance from the 
nucleus (i.e. the energy in the completely ionized state). This accounts 
for the negative sign of E pot> above, since the electron is attracted 
towards the nucleus. The continuous range of permitted positive 
energy values corresponds to the hyperbolic and parabolic electron 
orbits of the Bohr model: they give rise to the continuous spectrum 
which is observed beyond the series limit in emission or absorption. 

It should be specially noted that Schrodinger obtained satisfactory solutions 
■without specifying any particular boundary conditions — merely by making the 
physically necessary assumption that the amplitude of vibration <l|> must every- 
where remain finite, single- valued, and continuous. We shall see on p. 268 that 
the region of appreciable amplitude tp is thereby restricted to a volume corre- 
sponding to the volume of the atom as deduced from the kinetic theory of gases. 

There is still a certain indefiniteness about the above solution, in 
that a whole set of modes of vibration is possible for each energy value. 
It can he shown that the wave equation, when expressed in polar 
co-ordinates (?\ 0 , <£). is separable into two equations, one of which con- 
tains the angular co-ordinates 6 and cf> only, while the other contains r 
only. It follows from the method that W does not occur at all in the 
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first of these equations. This first equation can itself be solved only 
for certain proper values Z, and it follows that each permitted value of 
the energy W may be associated with a number of proper values for 
the equation containing the angles only. Thus the value of W involving 
a particular integer n (see above) still leaves unsettled the choice of 
another integer Z, derived from the proper values of the partial equation 
containing the angular co-ordinates only. The complete mathemati- 
cal analysis shows that n = n' -f- Z + 1, where n' is a positive integer 
or zero, which comes in as a proper value for the equation containing 
r only. Hence l may have any in- 
tegral value up to (n — 1 ) (including 
zero), but no others. 

When 0 vanishes for a certain 
value of r , we have a nodal sphere. 

When ift vanishes for a certain 
value of the angle of longitude <f> } 
we have a nodal plane through the 
origin of the co-ordinate system 
(see fig. 41) and cutting the surface 
of any sphere r = constant in a 
meridian circle. Finally, when ifj 
vanishes for a certain value of the 
angle of colatitude 6, we have a 
nodal cone with its apex at the 
origin of co-ordinates. Only in the absence of nodal planes and nodal 
cones does the mode of vibration possess spherical symmetry. 

The integer Z referred to above determines the number of nodal 
surfaces (planes and cones) depending on the angular co-ordinates. 
Hence for each permitted value of the energy W only certain classes 
of vibrational modes are possible, the actual inodes becoming more 
complicated the greater the value of the integer n (cf. the similar 
behaviour in the case of the linear oscillator illustrated in fig. 40. 
p. 265). When n = L the only value which l can assume is zero; hence 
there is only one kind of vibrational mode. As it possesses no nodal 
planes or cones, this mode is spherically symmetrical. When n = 2. 
we may have either Z= 0 or Z — 1. Hence for an energy value 
determined by the integer n (principal quantum number) there are 
n possible vibrational classes. 

Comparison with the discussion based on the Bohr model (see 
p. 199) shows that- both the wave -mechanical and the orbital theories 
lead to the same degeneracy. In order to stress the analogy, the number 
l was introduced on p. 199 with the property that it may assume any 
integral value from 0 up to n — 1. The different proper modes of 
vibration of the “ liquid sphere " in the wave-mechanical model 
correspond to the different elliptical orbits in the Bohr model. 



Fig. 41. — Spherical polar co-ordinates 
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Stark Effect. — -The degeneracy of the problem can be diminished by the appli- 
cation of an external field. The Stark effect has been discussed in this connexion 
on p. 212 in terms of the Bohr theory. The potential energy of the electron is 
increased by an amount eKz by the application of an electric field of strength E 
in the ^-direction. The wave equation therefore becomes 

A4> + (MV + - — eEfeU = 0. 
h 2 \ r J 


If we assume that the energy change due to the field is small relative to the 
changes which may oce-ur in the atom in the absence of a field, then the extra 
energy term appearing in the wave equation may be treated as a so-called per- 
turbation term. In these circumstances it can be shown that the equation is 
solvable and that each of the proper values of the unperturbed case is split up 
into a number of proper values of the perturbed case. The same formula is 
obtained as from the Bohr theory, namely 


AW : 


3A 2 En 


87t 2 me 


(Jc x k. z ). 


where AW is the displacement of an energy level. In the wave-mechanical model 
k x and h> give the number of nodal surfaces (in this case paraboloids) in the vibrat- 
ing “ liquid **. In addition there are s possible nodal planes. The numbers k lf 
& 2 , and s may each assume any integral value or the value zero, provided that the 
equation k x -f- & 2 + s + 1 = n is satisfied. This is quite analogous to the result 
given on p. 213. 

The Possible Modes of Vibration. — As was pointed out above, to 
each permitted, energy value W determined by the integer n there are 
n classes of vibration. From the number of modes of vibration in each 
class it follows that the total number of modes for each energy value 
is \n(n -j- 1). Referring to the result given above for the Stark effect, 
we see that an electric field does not completely remove the degeneracy. 

We shall now briefly discuss the question of the distribution of the 
amplitude \Jj in the individual cases. 

n— 1; Z = 0: the proper function has no nodal surfaces. The 
value of xp decreases exponentially as the distance from the centre 
increases, i.e. 

\fj — Ce~ r 

where a 0 = - — 5 0 , which is the radius of the first Rohr circular orbit. 

4t rhne 2 

According to the wave-mechanical model, the atom possesses perfect 
spherical symmetry in its lowest energy state. This result is of great 
significance; for we have seen (p. 210) that one of the most serious 
shortcomings of the Bohr atomic model is that it cannot account for 
the spherical symmetry of hydrogen in the ground state. 

n = 2; l — 0: the vibration has one nodal sphere and has complete 
spherical symmetry. 

n — 2; l = 1: system of vibrations having nodal planes and nodal 
cones, but no nodal sphere. The value of ip decreases exponentially 
as r increases. 
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n — 3; l— 0: the vibration is spherically symmetrical and has 
two nodal spheres. 

n = 3; 1=1 : system of vibrations with one nodal sphere and 

nodal planes and cones. 

n =3; 1 = 2: vibrations with no nodal sphere and with a com- 
plicated arrangement of nodal planes and cones. 

In general we may say that only 
those vibrations for which 1=0 
(these occur in only one mode) possess 
spherical symmetry. This brings out 
very clearly the difference between 
the wave-mechanical model and the 
Bohr model; for in the latter l = 0 
means the ellipse of maximum eccen- 
tricity and hence the greatest depar- 
ture from circular or spherical sym- 
metry. We shall see below, however, 
that something corresponding to the 
extreme eccentricity of these Bohr 
ellipses is still associated with the 
spherically-symmetrical vibrations of 
the wave-mechanical model. 

Fig. 42 gives graphical representa- 
tions of the mean value of ip as a 
function of the radius r in certain 
cases. In these graphs, since only 
mean values of ip are plotted, the 
nodal planes and cones do not appear. 

See also fig. 43. 

Physical Interpretation of the Quantity — So far nothing has 
been said about the physical meaning of the vibrating quantity S or 
its amplitude of vibration ip. Schrodinger has shown that a simple 
interpretation is possible if we relate ip to the charge density. In 
simple cases the square of the amplitude ip at any point can be regarded 
as a measure of the electrical charge density at that point. (In more 
complicated cases, in which ip is complex — i.e. has an imaginary part 
and is of the form a + ib, where i — \ — 1 — the charge density at any 
point is measured by the product of ip and its conjugate complex 
quantity ip* 7 i.e. by (fl T ib)(a — ib) = a' 1 -4- b' 1 instead of by ip~.) 
From the wave equation it is possible to deduce an equation analogous 
to the equation of continuity met with in hydrodynamics. If we 
interpret this as referring to the conservation of electric charge (a 
principle of conservation always assumed in the theory of electricity), 
the above physical meaning for ip' 1 (or. more generally, for ip ip*) follows. 

The sort of result to which this interpretation leads may be iilus- 



Fig\ 42. — Mean values of ii as 
a function of the distance from 
the nucleus for the hydrogen atom 
with n = 3. 
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trated in tlie simple example of the linear oscillator. As was shown on 
p. 265, the wave-mechanical model of the permitted states of the 
system can be represented in terms of the proper vibrations of a string 
with special properties. In any such proper vibration the amplitude 
at any given point (i.e. for any given value of x) is constant and does 
not change with time. If now we interpret the square of the amplitude 
as measuring the electric charge density, it follows that the charge 
density at any point must also be independent of the time. This means 



Fig:. 43- — Charge distributions for different states of the 
hydrogen atom. The ordinates give the values of 
^.TTr-ip-. The unit of distance r from the nucleus is 
<2o = o*53 X io~ 8 cm. 

that for any stationary state of the oscillator, no matter how great the 
proper energy value, the charge distribution must be static and must 
not vary with time. There being no movement of electric charge, 
there can be no radiation of electromagnetic energy from an oscillator in a 
'permitted energy state. Thus we arrive quite naturally at a result which 
in Bohr’s theory has to he assumed in the form of a postulate at 
variance with classical electrodynamics. 

The charge distribution in the various permitted states, e.g. of the 
hydrogen atom, can be calculated on the above lines. Some results 
(after Pauling ) are shown in fig. 43. In these curves the ordinates 
are the mean charge densities for thin spherical shells of radius r. 
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Hence in this representation (as in the preceding figure) the nodal 
spheres appear, but not the nodal planes and cones. The unit of 
abscissae is a 0 , the radius of the first Bohr circular orbit. The charge 
of the electron is spread out over the space surro unding the nucleus 



[From Ruark and L’rey, ,-itorns, J\tolecules 
and Quanta (AIcCJraw-Hill Kook Co., ZSew 
York)".] 


(d) 5F Cm = o); (e~) 5D ( tti = o) (after White). Linear scale - 1 : 20 relative to (c). 

[From Physical R.ez'iezc, Yol. XXXVII, Series ii (American Institute of Physics).] 

and theoretically extends to infinity. Actually \ve see. however, that 
the greatest part of the charge is concentrated within a region whose 
radius is approximately that derived from the Bohr theory and found 
experimentally in gas-kinetic and cross-section investigations. The 
Bohr circular orbits correspond to vibrations for which / — n 1 * 
in agreement with p. 199. The elliptical orbits correspond to charge 
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distributions with, various maxima at different distances. Attention 
may again be directed to the fact that, in spite of their complicated 
charge distributions, the wave-mechanical vibrations corresponding to 
Bohr ellipses of high eccentricity possess complete spherical symmetry . 
The property of eccentricity in the ellipse finds its analogue in the 
complexity of the radial distribution of charge in the wave-mechanical 
model. 

Fig. 44 gives some pictorial representations of the charge distri- 
butions in different cases, the charge density being indicated by the 
brightness of the lighter parts. These pictures must be imagined as 
extending in three dimensions. 

For another interpretation of ip see p. 274. 

15. The Wave -mechanical Theory of the Emission of Light 

ScHRoniXGER showed that a simple explanation of the process of 
light emission can be obtained by assuming that two permitted energy 
states of an atom can be excited simultaneously . The two correspond- 
ing vibrations of the wave-mechanical model are then supposed to be 
superimposed. Now we have seen in Vol. II (p. 195) that the super- 
position of two vibrations of somewhat different frequency gives rise 
to so-called heats , in which the amplitude waxes and wanes with a 
frequency which is equal to the difference between the superimposed 
frequencies. 

If ve once again interpret the square of the amplitude of vibration 
in the wave-mechanical model as a measure of the electric charge 
density, we see that when two different energy states are simultaneously 
excited the charge density at any given point is no longer constant, 
but varies periodically with the time. Hence there is an oscillation of 
electric charge, which must give rise to the emission of electromagnetic 
waves. The frequency of these emitted waves will be the beat fre- 
quency. If we write for the frequency of the light which is emitted 
and v x and v % for the frequencies of the two superimposed vibrations 
of the model, we have 

— — J's- 

Now according to the De Broglie relation the energy E of a stationary 
state is given by E — hv> where v is the corresponding frequency of the 
wave- mechanical model. Hence w r e have 

hv u = E x — E 2 . 

Thus we arrive at the very result which Bohr found it necessary to 
introduce into his theory as a postulate. 

In the case where a special axial direction is involved (e.g. in the 
Stark effect of the hydrogen atom the field direction is a special direc- 
tion) the complete mathematical treatment shows in addition that the 
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oscillation of electric charge may be either normal or parallel to the 
field, according to the nature of the wave-mechanical vibrations which 
are superimposed. This is the case when the respective values of the 
number s (see p. 268) for the two vibrations differ by 0 or 1. If the 
differ ence in the s - values is greater than 1, the calculation shows that 
there is no motion of electric charge. This is in agreement with the 
experimental observations on the Stark effect (cf. p. 211). 

It may be noted also that, if account is taken of the motion of the 
nucleus as well as of the motion of the electron, the theory leads to a 
result which is in agreement -with that obtained from the simpler Bohr 
model with a fixed nucleus, except that the mass m of the electron 
has to be replaced by the quantity 

mM 

** — M + m : 


where M is the nuclear mass. Once again (see p. 193) the conclusion 
from wave-mechanical theory is in excellent agreement with the facts. 

The Helium Atom. — The treatment of the helium atom (a nucleus 
with two electrons) by the Bohr theory does not lead to a satisfactory 
result. The calculated energy of the ground state (relative to the energy 
of the ionized atom) comes out very different from the observed value. 
This failure of the Bohr theory was one of the chief reasons (cf. also 
pp. 210 and 274) for seeking a new atomic model. 

The Schrodinger wave equation for the problem is at once 
obtained by substituting 


E 


pot. 


2e_ 2 _ + 


7 12 


where and r 2 are the distances of the two electrons from the nucleus 
(which is assumed fixed) and r 12 is the distance between the two elec- 
trons. The term -j-e 2 /r 12 expresses the interaction between the two 
electrons, which will be discussed more fully later. The wave equation 
can only be solved approximately. If for the time being we neglect the 
interaction term, the proper energy value is found to be 



where n x and n 2 are positive integers associated with the respective 
proper values for the two electrons, which in this case can be obtained 
separately. This corresponds to one electron being in the % th Bohr 
orbit and the other in the n 2 th. The energy of the ground state 
(n-L = n 2 = 1), as obtained from this solution, is — 8R, i.e. — 106 volts. 
The experimentally-observed value, however, is only — 78-5 volts. 
Thus we see that w r e are not justified in neglecting the interaction 
term, which actually has a surprisingly large effect. 

(E Q57) 


19 



274 


WAVES AND CORPUSCLES 


Wave-mechanical Resonance. — The marked effect of the interaction 
between the two electrons is an example of a resonance effect which 
is quite peculiar to wave mechanics and is due to the identity of all 
electrons. In Vol. II (p. 201) the vibrations of two pendulums coupled 
together were discussed at some length, and it was there shown that 
the periodic alternations of the amplitudes (due to the passage of 
energy backwards and forwards between the two systems) can be 
explained in terms of two frequencies. The mathematical treatment of 
the problem of an atomic system containing components of identical 
frequency (e.g. two electrons) shows that just the same sort of thing 
occurs here. We obtain new frequencies (in our case two) and a corre- 
sponding number of new energy states. Two possibilities are actually 
observed in the case of the helium atom for each combination of proper 
values — the states of the so-called orthohelium and parhelium . In 
the ground state, however, where n x = = 1, there is only one finite 

solution — a point to which we shall return later. 

Thus the wave-mechanical theory of the electron and of matter 
gives the result that whenever two identical wave-mechanical systems 
interact , there are two 'possible proper functions and two different energy 
values for the pair considered as a whole system . 

In this connexion it must not be forgotten that both systems 
extend to infinity in all directions, so that a coupling (though only a 
loose one) acts between systems at a great distance apart. As in the 
mechanical case of two coupled pendulums, when the coupling is loose 
the periodic energy exchange is slow, i.e. the beat frequency (and 
consequently the energy difference involved) is small. For an appli- 
cation of this see p. 388. 

Statistical Interpretation of the Amplitude 4 > - — The theory of the 
emission of light briefly outlined above is very satisfactory from many 
points of view. As has been pointed out, the emission of light with 
frequency is regarded as due to an oscillation of electric charge 
within the atom with this frequency. This view thus avoids all the 
difficulties presented by the Bohr theory and re-establishes connexion 
with classical electrodynamics. Yet there is a certain difficulty in 
supposing that the atom simultaneously performs two different vibra- 
tions corresponding to two different energy states. This difficulty is 
not a mathematical one, for the wave equation is still satisfied when 
the two vibrations co-exist. The physical objection to the theory can 
also be removed by taking account of the fact that the atom, when in 
the process of emitting radiation, is not in equilibrium, but is inter- 
acting with the emitted electromagnetic waves. Dirac has shown 
that when this interaction is duly incorporated into the theory a satis- 
factory account of the process becomes possible. 

From the historical point of view it is very interesting to note that 
a few months before the publication of Schro bigger 5 s wave-mechanical 
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model another theory, starting from quite different foundations, had 
been put forward by Heisenberg. This theory is built up on the 
principle that the equations describing an atom shall contain only 
observable quantities, such as the wave-lengths or frequencies of the 
spectral lines, their intensities and states of polarization, and the 
energy levels of the atom determinable by electrical methods. The 
method employed by Heisenberg in applying this principle is to 
replace the non-observable periodically variable co-ordinates of the 
electron in the atom by the totality of partial vibrations whose fre- 
quencies axe equal to the frequencies of the spectral lines emitted by 
the atom. The spectral lines of the hydrogen atom, for instance, may 
be represented by means of a doubly infinite array of paired quantum 
numbers. The behaviour of the atom can be described in terms of 
such double arrays or two-dimensional schemes, the members of the 
array each being characterized by two indices. An array of this kind 
is known as a matrix. The mathematical handling of matrices necessi- 
tates a special matrix calculus, which had been developed many years 
previously. The details of the method cannot be discussed here. 
Suffice it to say that the results obtained are in complete agreement 
with those of wave-mechanics. Indeed, Schrodinger has been able 
to show that the two methods are mathematically equivalent, and 
that they differ only in the nature of the calculus used. 

The above-mentioned difficulties presented by the Schrodixger 
theory, and especially the smearing out of the electron into a sort of 
tfc cloud have led a number of investigators, notably Horn, to put 
forward another interpretation of the quantity iff. According to this 
view, 0 3 (or more generally ifnf**) does not measure the charge density 
at any point, but the ^probability that an electron will be encountered 
at that point at any given moment. In Schro dinger’s interpretation 
the electron does not exist as a point charge in the atom, but is dis- 
tributed over the whole of space and extends to infinity; hut in the 
statistical interpretation, as it is called, the idea of the electron as a 
point charge is still maintained. In the statistical interpretation, 
however, we lose that readily visualized explanation of the quantum 
conditions which so satisfactorily avoids the difficulties raised by the 
Bohr model. So far as experimental evidence is concerned, the two 
interpretations seem to be more or less equally justified. There is 
nothing essentially unsatisfactory in the view that the electron only 
begins to have corpuscular properties when we make an observation 
upon it; for observation necessarily involves a disturbance of the 
thing observed, and in the case of the electron this may well cause a 
drawing together or condensation into the corpuscle with which we 
are familiar. 
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Spectral Lines and the Structure of Atoms 
containing more than One Electron 

A. The Structure oe Line Spectra 

1. General Series Relationships in the Optical Region 

Like the hydrogen atom, atoms of more complicated structure 
give line spectra (cf. fig. 28 (p. 138), fig. 4 (p. 220), and fig. 1 (p. 278)); 
hut these do not have such a simple structure as that of hydrogen. 
The conditions of excitation are also found to have a marked effect, 
so that the spectrum of one and the same substance may contain 
quite different lines when excited in different ways, e.g. in a flame, 
in an electric arc, or in an electric spark with or without an auxiliary 
capacity or inductance. The reason for this has been shown (e.g. 
from the observed spectral relations, see p. 289) to he in the fact that 
different degrees of ionization of the atom occur in the various cases. 
In flames and arcs it is generally the spectrum of the neutral atom 
which is excited. Hence this spectrum is usually called the arc spectrum 
— even when it is not produced by an arc. The emission of the lines 
of the arc spectrum is thus due to transitions from excited states of 
the neutral atom, in the limiting case the return of an electron to the 
singly-charged positive ion so as to form the neutral atom again. 
Under more energetic conditions of excitation the spectrum contains 
lines due to transitions from excited states of the singly-ionized atom. 
These lines lie mostly in the short-wave region. If the excitation is 
still more energetic, lines of even shorter wave-length appear; these 
are due to transitions, from excited states of the more highly-ionized 
atom, i.e. of the atom which has lost more than one electron. The 
spectrum of the neutral atom is indicated by writing the Roman 
numeral I after the symbol for the element in question, e.g. Nal. 
The spectrum of the singly-ionized atom is similarly denoted by II, 
that of the doubly-ionized atom by III, and so on. Thus, for example, 
investigations have been carried out upon the spectra silicon VI and 
vanadium Y. 

The number of lines in the spectra of complicated atoms is usually 
very great. It has nevertheless been found fairly easy to pick out 
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series in the case of the elements of groups I, II, and III of the periodic 
table. The elements of group I (see Table I, p. 4) exhibit the simplest 
regularities. The farther we go to the right in the periodic table, the 
more complicated do the spectra become, until in the iron and platinum 
group it is no longer possible to make out series relationships. Even 
here, however, groups of lines can he found which are certainly related 
to one another, and considerable success has attended the investigation 
of their regularities. These groups are known as multiplets . Later 
(p. 335) we shall come across the explanation of this remarkable con- 
nexion between spectral character and position in the periodic table. 

We shall first consider those spectra in which series relationships 
can be found. The discovery of these regularities forms a special 
branch of research. The reduction of the many lines to orderly se- 
quences is made possible by picking out constant frequency differences 
and similarities of behaviour under different conditions of excitation;, 
and by observation of line structure (sharpness, fine structure, &c. s 
especially in the Zeeman effect). 

Arc Spectra of the Alkali Metals. — As in the case of hydrogen (p. 
183), the series can be represented by the differences between two terms, 
one constant and the other variable. The same series appear for all 
the alkali metals, so that we may consider them all together. The terms 
are no longer of the simple hydrogen type R/w 2 , but must be written 
in one or other of the forms proposed respectively by Rydbekg and 
Ritz: 

m R m R 

T = or T = 

(w+a ) 2 [w+a+ a/(/i, a)f 

In the variable or current term, n assumes successive integral values, 
starting from a certain lowest value which as a rule is different for the 
different series. The correction term a is a constant throughout the 
series, and in some cases an additional Ritz correction term af(n 7 a ), 
which vanishes for the higher terms, must be taken into account. 

In the main these spectra conta in four series, known as the principal, 
diffuse, sharp, and Bergmann or fundamental series. 

In the alkali spectra all the lines have a fine structure, being either 
double ( doublets ) or triple (triplets). The triplet structure, however, is 
not apparent in the spectra of the lighter alkali metals. 

The different series exhibit the following relationships, which 
always involve the frequencies or wave numbers of the lines and not 
their ■wave-lengths. 

The principal series is the one with the series limit of shortest wave- 
length (see fig. 1). The lines form doublets, the doublet separation 
becoming smaller as the sequence number n of the series increases, so that 
the limit of the series is the same for both components of the doublet. 
Thus the series limit is not double but simple. The diffuse series consists 
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of doublets with a constant separation. Here, therefore, there are 
two series limits, the separation of which is equal to the doublet separa- 
tion. The same is true for the sharp series . The diffuse series and the 
sharp series have the same limit. The Bergmann or fundamental series 
(called fundamental because the correction constant a in its current 
term is very small and the series therefore resembles that of hydrogen 
very closely) lies entirely in the infra-red, and the resolution of the 
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Fig- r . — Axe spectrum of an alkali metal (Cs) and, its resolution into series 
s, sharp; p, principal; d, diffuse; f % fundamental. 

[From Grotrian, Graphische Darstellung der Spektren , Part IX (Springer, Berlin).] 


lines has so far not been completely accomplished. The following 
important relationship is found to hold: the frequency of the first member 
of the principal series is equal to the difference between the frequencies of 
the limits of the principal series and the diffuse (or the sharp) series. 

There is also a difference in the relative intensities of the doublet 
components. In the principal series of the alkali metals the shorter- 
wave component of a doublet is always the more intense, while in the 
diffuse and sharp series the longer-wave component is the more intense. 

Fig. 1 shows how the whole spectrum (arc spectrum) of an 
element may be resolved into series. We may make use of the 
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Rydberg formula in writing the equations for the various terms of a 
series, namely. 


R 


_( 




(ft + a ) 2 (m -J- by_ 

m which m may take arty of the values (n -f- 1), (w -f- 2), . . . . The 
symbol v is used to distinguish the wave-number from the frequency v 
(see p. 181). 

In the case of potassium, for example, we have the following 
relations: 

Principal Series : 

(a) v = R _j_ 0-77) 2 “ ( m _j_ 0-235) 2 ]' 

I 1 

■77) 2 (m+ 0-232) 2 J‘ 


(&) 


R 


[(i + 


Diffuse Series: 

(a) v = R [( 2 _|_ o-235) 3 “ (m — Q- 147 ) 2 ] * 

V = R [(2 4- 0-232) 2 ~~ (m— 0-147) 2 ]' 


(&) 

Sharp Series: 

(a) 

(b) 


*- K [< 


-2 1 

- 0-77) 2 J 


_(2 4- 0-235) 2 (m + 

V= R [(2 + 0-232) 2 — (m + 0-77) 2 ]' 


The equations (a) and ( b ) refer to the respective doublet components. 

The Interpretation of Series Relationships. — The above-mentioned 
relationships between the series limits, doublet separations, &c., had 
been empirically discovered long before any interpretation of them 
could be given. The conception of stationary states of the atom and 
the consequent conception of spectral lines as corresponding to term 
differences provide a simple explanation of the series regularities. 

The following interpretations refer always to emission spectra: 

(1) There are two possible final states in the transitions which 
give the diff use series, and these are identical with the two possible 
final states for the sharp series. The initial states of these transitions, 
on the other hand, are different for the two series. The separation of 
the doublet components in both series is equal to the separation of 
the two possible final states. 
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(2) There is only one possible final state in the transitions which 
give the principal series. Here, however, the initial states are double, 

Shar series and separation of the doublets 

s — £ f diminishes as the sequence number 

5 \ f / m increases. 

^ v\ i!r / fr (3) The first doublet of the prin- 

^ cipal series is given by transitions 
from the final state of the diffuse or 
sharp series to the final state of the 
principal series. 

Fig. 2 illustrates these relation- 
ships in the graphical manner pre- 
viously used on p. 180. The com- 
plete term diagram is given in fig. 3; 
this shows the fine structure of the 
energy levels, which gives rise to the 
fine structure of the lines (e.g. the 
doublet structure of the D fine of 
sodium). 

The magnitude of the correction 
constant a is arbitrary to the extent 
that, since n may have any. integral 
value, an increase of a by unity is 
equivalent to a decrease of n by unity. 
For the time being we may impose the condition that | a ] shall be 
less than 0*5. This allows a to be negative. We shall subsequently 
learn how to fix the value of n in agreement with the demands of 
the atomic model and the observed chemical. X-ray, spectroscopic 
and other properties. 

The spectral series of the alkali metals (arc spectra) may be 
expressed quite generally as follows: 



Fig. a. — Term diagram for the arc 
spectrum of an alkali metal, neglecting 
doublet separations. 


Principal Series: 


Diffuse Series: 


R R 

(1 + s) 2 (m + p) 2 ‘ 

R R 

(2 + p) 2 (m d) 2 ' 


Sharp Series: 


R_ R 

(2 -j- p) 2 (m + s) 2 ' 


Fundamental Series: v 


R 

(3 + d) 2 


R 

(m-f /) 2 * 


If we adopt Pascheist’s abbreviated notation, these may be written in 
the following forms: 
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[From Grotrian, Graphische Darstellung der Spektren, Fart II (Springer, Berlin).] 


The subscripts 1 and 2 refer to the doublet components. For the 
alkali metals of higher atomic number (e.g. Cs) it is found that the d~ 
terms and also the /-terms are double.. From this it would at first sight 
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appear that the lines of the diffuse and fundamental series ought to be 
quadruple. Experiment, however, shows that they are only triple. It 
is clear, therefore, that transitions cannot occur between all the possible 
pairs of stationary states. There must be certain so-called selection 
rules , which exclude some of the transitions. This can be seen in fig. 3, 
in which the observed frequencies (with the exception of the higher 
series numbers) are indicated by sloping connecting-lines drawn between 
the energy levels concerned in their emission. It is seen that all the. 
possible combinations do not actually occur. 

Note to fig. 3. — Each term has its own value of m and of a. In the figure each 
vertical set of terms has a constant a, hut the value of a is different in the different 
vertical sets. For the sake of clarity the observed transitions are only indicated 
for the lower terms. The main lines of the spectrum are shown by heavier con- 
necting-lines. On the right is given a scale of wave-numbers in cm." 1 , on the 
left an energy scale in volts, reckoned relative to the lowest level (ground state). 
The meaning of the symbols used in the figure and the significance of the V K/v 
values will become clear in due course. 


As in the case of hydrogen, the energy value for the lowest level, 
i.e. for the ground state, must give the ionization potential of the 
atom. For hydrogen this corresponds to the frequency of the limit of 
the Lvmajst series; for the alkali metals the value is given by the limit 
of the principal series. In the same way the potential (first resonance 
potential) required for excitation of the resonance line, which is the 
first line of the principal series, must correspond to the energy difference 
Is — 2p. 

Table XX 



First Resonance Potentials 

Ionization Potentials 


Theor. 

Exp. 

Theor. 

Exp. 

hi 

1*840 V 



5*368 V 

_ 

Xa 

2095 

2*12 V 

5*116 

5-12 V 

K 

1*610 

1*55 

4-321 

4-32 

Rb 

1*582 

1*6 

4-158 

4-16 

Cs 

1-448 

1*48 

3-878 

3*88 


Table XX gives a comparison between the values calculated from 
the spectra and those observed directly (values in electron-volts). 

2 . The Optical Spectra of Elements of Higher Valency 

Spectra of Divalent Elements. — Even the increase of valency from 
one to two brings about a considerable increase of complexity in the 
spectra. The most important difference is that with divalent elements 
we have two almost completely independent term-systems, one of 
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which has only simple levels while the other has triple levels (so-called 
singlet system and triplet system). In each of these systems (see 
fig. 4) it is possible to pick out a principal series, a diffuse series, a 
sharp series, and a Bergmann or fundamental series, just as for the 
alkali metals. There is also a series corresponding to the transi- 



Fig. 4. — Term diagram for an alkaline earth atom (strontium I) 

[From Grotrian, Graphische Darstellung der Spektren, Fart II (Springer, Berlin).] 

tions 3d — mg?, the analogue of which for the alkali metals lies in 
the infra-red. 

Term-symbols. — It follows that the terms can be denoted by the 
same symbols as for the alkali metals, namely, s, p s d , /. In general 
it is customary to designate the terms of atomic spectra by capital 
letters, placing a superscript 1 before the symbol to denote the singlet 
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[From Grotrian, Graphische Darstellung der Spektren, Fart II (Springer, Berlin).] 

system, a superscript 3 before the symbol to denote the triplet system, 
and so on. Thus we have ^-S, 1 P 5 3 S, 3 P, and so on. The different com- 
ponents of a multiple term are denoted by a corresponding subscript 
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written after the term-symbol, e.g. 3 P X (see fig. 4). For the choice of 
the number for this subscript see p>. 321. The principal quantum number 
n of the term is finally placed in front of the whole symbol. For example, 
4 3 P X (which is read as cc four-triplet-P~one denotes the middle 
component (subscript 1) of the P-term of the triplet system for which 
n = 4. It should be noted that (as in the doublet system of the alkali 
metals) the S-terms of the triplet system are not triple but single, 
i.e. they do not share in the multiplicity of the system to which they 
belong. The superscript 3, however, is written in the symbol for these 
terms to distinguish them from the other S-terms. 

Selection Rules.— In connexion with the fine structure of the lines, 
it is to be noted that the combinations of the three components of a 
triplet term with the three components of another triplet term do not, 
as might be expected, give rise to a line with the multiplicity 9. The 
actual line is found to have a multiplicity of at most 6. Hence there 
must be some restriction upon the possibilities of combination of the 
fine structure components of different terms, as there is upon the 
possibilities of intercombination between the different term systems 
themselves. We see (fig. 3, p. 281) that for the alkali metals there are 
no transitions from s to d or to / that there is only one transition (of 
low intensity) from d to s , and none from/ to s. The same is true for" 
the divalent elements (see fig. 4). Here the transitions between the 
singlet and triplet systems are also seen to be relatively few. The 
more detailed discussion of the selection rides governing the possibilities 
of combination of terms will be given on p. 321. 

As a further example we may take the term diagram for mercury (see fig. 5). 
Its relation to the corresponding diagram for the alkaline earth metals (fig. 4), 
which follows from the divalency of mercury, can be seen from the fact that 
we again have a singlet system and a triplet system. In addition, the lowest 
term is in both cases an S-term. But in consequence of the complicated structure 
of the mercury atom, which contains 80 extranuclear electrons, the transitions 
between^ singlet and triplet system and vice versa are quite numerous. The 
resonance line 2536 A., which is used in many experiments, is a case in point 
(see fig. 5); so also is the pair of yellow lines 5769 and 5789 A. The resonance 
line of the singlet system lies at 1S49 A. The visible triplet 5460, 4358, 4046 A. 
is given by the lowest transition 3 S — 3 P. This gives an idea of the large separa- 
tions of the components of the 3 P level (the S S level is simple) in comparison with 
the separations for lighter atoms (such as Ca or Mg). 

The Helium Spectrum. — The spectrum of helium (fig. 6) is quite 
similar to that of an alkaline earth metal. Helium, with its two electrons 
surrounding a nucleus of charge two, thus exhibits a certain resemblance 
to an alkaline earth metal with its two valency electrons (see also 
p. 324). The two different states of helium (ortho helium and par helium) 
have already been mentioned on p. 274. The triplet system of the 
helium spectrum belongs to orthohelimn, the singlet system to par- 
helium. It can he shown that no inter combination of the two systems 
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Fig. 6. — Term diagram for neutral helium 
[From Grotrian, Graphische JDarstellung der Spektren , Part II (Springer, Berlin).] 


is possible. We have seen (p. 274) that there is only one proper function 
for the lowest state [n = 1). This is in agreement with observation, 
for the lowest term of the orthohelinm system has n = 2. There is 
an energy difference of 19*77 volts between the lowest term of helium 
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(’-S) and the next higher (2 3 S). This is the greatest known difference 
between a ground state and the next higher state. One consequence 
is that up to a velocity of about 19*8 volts electrons suffer no loss of 
velocity in helium gas. The other inert gases exhibit similar behaviour, 
though to a lesser extent. On this fact are based many technical 
applications of helium and the other inert gases in gas discharges. 

Trivalent Elements. — As an example of a trivalent element, we may 
take the term diagram of aluminium given in fig. 7. In addition to 
the doublet terms shown there, quadruple terms (quartets) also occur 
for the elements of group III of the periodic table. 

It can he seen from fig. 7 that the lowest term of the aluminium 
atom is not an S-term, as in the cases considered above, but a P-term. 

Metastable States. — W e have seen that there must be selection rules 
which preclude the possibility of certain transitions between stationary 
states of an atom in the emission or absorption of radiation. A very 
important consequence of this is the existence of excited states which 
cannot pass over into the ground state by emitting their excitation 
energy as radiation, and which cannot be produced from an atom in 
the ground state by the absorption of radiation. A case of this kind 
has already been mentioned on p. 180. 

Examples of excited states of the kind in question can he found in 
the preceding term diagrams: in fig. 4 the 3LD and the 2 3 P 2 and 2 3 P 0 
levels of Sr, in fig. 5 the 2 3 P 2 and 2 3 P 0 levels of Hg, and in fig. 6 the 2 3 S 
level of He. If an excited atom reaches one of these levels by emitting 
radiation, it cannot pass over into the ground state by further emission. 

The energy of excitation of these levels can only be transferred to 
another atom by a collision process. Hence such excited atoms often 
reach a comparatively high concentration. Whereas the length of 
time usually spent by an atom in an excited state is of the order of 
magnitude of 10~ 8 second, atoms may remain in these so-called 
metastable states for periods running into seconds. The existence 
of such metastable states is of great importance in many photo- 
chemical reactions. 

Spark Spectra. — In this chapter we have so far dealt only with the 
spectra of the neutral atoms of certain elements. The spectra of the 
singly or more highly charged positive ions (formed by the removal 
of one or more electrons from the neutral atom) exhibit quite analogous 
series relationships. The corresponding lines, however, lie much 
further in the ultra-violet. The reason for this lies in the increased 
force exerted by the nucleus upon the remaining extranuclear electrons 
when one or more of the latter have been removed. The relations 
between the spectra of neutral atoms and ions may be expected to 
be of the kind mentioned on p. 193 in connexion with He+ Li + fe and 
when it was pointed out that in these cases the spectra can be 
derived from that of hydrogen by multiplication by the squares of the 



SPECTRAL LINES AND STRUCTURE OF ATOMS 



Fig. 7. — Term diagram for neutral aluminium 
[From Grotrian, Graphische Dctrstellung der Spektren , Part II (Springer, Berlin).] 

respective atomic numbers. For example, the H a line of the Balmer 
series corresponds to a He + line of four times the frequency, to a Li +_h 
line of nine times the frequency, and to a Be +++ line of sixteen times 
the frequency. 
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In applying this line of argument to the more complicated atoms, 
we must compare systems with different nuclear charges but with the 
same number of extranuelear electrons, e.g. Na, MgL Al + L The 
anticipated relationships are actually found to occur: the spectra of 
Na, Mg+ and Al ++ all have the same doublet character, although e.g. 
the neutral Mg atom has a singlet-triplet character. Moreover, the 
quantitative relationships between these three spectra is very nearly 
the same as for H, He+ 3 Li+L We may take as example the series 
formulae for the sharp series (considering only one co mp onent, for the 
sake of simplicity). We have the following: 

Na: V 8=8 R [(3 — 0-90) 2 _ (m — 1-38) 2 ]’ 

Mg+: v = 4]R [( 3 _ 0 . 74) a— ( m _ 1-08) 2 ]’ 

I I 1 

(3 — 0-63) 2 (to — 0-91) 2 J' 

The sequence number m may assume the values 4, 5, 6, ... . 

Thus we see that there is a marked similarity, both as regards fine 
structure and series formulae, between the arc spectrum of any given 
element, the first spark spectrum of the element one place higher in 
the atomic number scale, the second spark spectrum of the element 
two places higher in the atomic number scale, and so on. This is known 
as the spectroscopic displacement law of Sommerpeld and Kossee. 

Analogies of this kind will be further traced on p. 340. 

W. Wien has devised an elegant method for deciding to -which, state of ioniza- 
tion of an atom an emitted line belongs. Use is made of a luminous canal-ray 
beam shot into a vacuum. The application of a transverse field causes a deflection 
of the charged particles, but allows the neutral atoms to pass on undeflected. 
Spectroscopic examination of the light emitted by the deflected and undeflected 
parts of the beam makes it possible to allocate the different lines either to the 
arc spectrum or to the various spark spectra. Special precautions are necessary 
to prevent charge exchanges in the beam. 

Absorption Spectra. — Absorption spectra are the reverse of emission 
spectra, at least in the optical region at present under consideration 
(cf. p. 78). The absorption lines coincide exactly in wave-length with 
the corresponding emission lines, and in principle every emission line 
can also occur as an absorption line. Certain limitations are encountered, 
however, in connexion with experimental observation. In order that 
an absorption line may be observable, it is necessary that a large 
number of atoms shall make the corresponding transition almost 
simultaneously; otherwise insufficient light is absorbed from the 
incident beam. This means that a large number of atoms must be 
present in the lower of the two energy states between which the tran- 
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sition occurs. But the state towards vfhich all the atoms tend to pass 
is the lowest energy state, the ground state. Hence under normal 
conditions (i.e. at low temperatures and in the absence of any special 
supply of energy) only those absorption lines are observed which 
involve transitions from the ground state. Thus hydrogen atoms do 




not ordinarily absorb the lines of 
the Balmer series, but only those of 
the Lyman series. In spite of the 
very intense lines which the mercury 
arc emits in the visible region, mer- 
cury vapour is quite transparent in 
this region: the first absorption line 
lies at 2536*5 A. in the ultra-violet. 
As can be seen from the term dia- 
gram of fig. 5 (p. 284), the visible 
lines are due to transitions whose 
lower level is an excited state of the 
atom which under normal conditions 
does not occur in the vapour to an 
appreciable extent. If, however, 
the temperature is sufficiently high, 
excited atoms may occur in con- 
siderable concentration, the kinetic 
energy of a sufficiently large number 
of atoms being then high enough to 
excite other atoms by collision. If 
the excited level is not very far 
above the ground level, absorption 
lines due to transitions from the 
excited level may become observable 
at relatively low temperatures (cf. 
p. 180). Where higher excited levels 
are involved, correspondingly higher 
temperatures are necessary. Feeble 
absorption lines are observed experi- 
mentally by taking very thick layers 
of the absorbing substance, so as to 
increase the number of atoms in- 


volved. The Balmer lines of hydrogen, for example, often appear 
clearly in the absorption spectra of the atmospheres of stars (see fig. 8). 
Metastable states can also be obtained in such high concentration as to 
enable the absorption spectra of the metastable atoms to be observed. 
The absorption by excited states can also be determined indirectly by 
the method described on p. 157. 

Within any given series the intensity of absorption falls off as the 
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sequence number increases. Yet the lines of a series can often be 
followed up to much higher sequence numbers in absorption than in 
emission. 

3. X-ray Spectra 

Some of the important features of X-ray spectroscopy have already 
been discussed in Chapter I (p. 54). In structure X-ray spectra are 
considerably simpler than optical spectra. We have already seen that 
each element of relatively high atomic number e mi ts a n um ber of 
characteristic series of X-ray lines, lying in quite widely separated 
spectral regions. (This is reminiscent of the hydrogen series: Lyman 
series in the extreme ultra-violet, Balmer series in the visible and near 
ultra-violet, Paschen series in the infra-red.) The X-ray series of shortest 
wave-length is known as the K-series, the others being called the 
M-, N-, O-, P-series in order of increasing wave-length. An account 
of the present stage of our knowledge of these series has been given in 
Chapter I of this volume. The series become more and more complicated 
in the order given above, starting from the K-series. 

The limits to our knowledge of this subject, evidenced by the fact that various 
series are unknown for certain groups of elements, depend on technical difficulties. 
In particular, the region lying between the short-wave ultra-violet region and 
the long- wave X-ray region (1000 — 50 A.) until recently was accessible only 
with great difficulty to precise measurement. 

These spectra are excited either by bombardment of the element in question 
with sufficiently fast cathode rays (see Vol. Ill, p. 347) or by irradiation with 
X-rays. In the latter method the energy quantum hv of the X-rays used must 
be greater than that of the X-ravs to be excited, in which case the substance 
irradiated gives its own characteristic spectrum, in addition to scattering the 
primary beam. 

Pig. 65 (p. 77) gives a graphical representation of the lines of the 
K-series for different elements, the quantity VV/R. being plotted as a 
function of the atomic number. We see that the graph is very nearly 
a straight line. The corresponding analytical expression for the Ka 
lines is to a good approximation 

This may be rewritten in the form 

g = (Z - D* (x - 1) = <z - l) ! (p - i)- 

Thus we obtain a formula which is very similar to that derived for 
the one-electron system (see p. 183), but with the difference that the 
nuclear charge is diminished by approximately unity. 

If the data for the La lines are plotted in the same way, an approxi- 
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mately rectilinear graph is again obtained (see fig. 12 (p. 297)). Here 
the approximate equation is 

Thus X-ray lines can he represented as the difference of two terms. 
According to this view, the K- series is given by transitions to a final 
state of quant um number one, the L-series by transitions to a final state 
of quantum number two, the M-series by transitions to a final state of 
quantum number three, and so on. 

Moreover, the individual members of the different series obey 
certain combination rules, discovered by Kossnn. The following 
approximate relationships are found to hold between the frequencies: 

KyS = EL<x — {— Lei i = X.cc — {— Lyj Ly = La -f~ Mhj — j — Met. 

These empirical relations help us considerably towards an under- 
standing of the origin of these spectra. In this connexion absorption 
spectra and the energy conditions of excitation are also of great 
importance. 

In optical spectra (see p. 289) those emission lines which are due 
to transitions to the ground state (or to an excited state normally 
present in sufficient concentration at the temperature of the experi- 
ment or to a metastable state normally represented to a sufficient 
extent) also appear in absorption. In the X-ray spectra now under 
consideration, however, this is not the case. On the contrary, the 
absorption spectrum (see p. 54) consists of a continuum whose in- 
tensity falls off with decreasing wave-length from a sharp long-wave 
edge. In the L-series three such edges are found, in the M-series five, 
in the N-series seven, in the O-series five, in the P-series three. In the 
optical case, moreover, the different members of a series can be excited 
successively by gradually increasing the energy of the exciting electrons 
(see p. 138). But for X-rays this is not so. As the energy of the exciting 
cathode rays is gradually increased, there is no emission of, say, the 
Ka lines even when the hv value of these lines is reached. Not until 
the energy of the cathode rays reaches the hv value of the absorption 
edge (i.e. of the series limit) does emission occur, and then all the lines 
of the K-series appear at once. The same is true for the other series. 
(For the complex structure of the absorption edges see p. 294.) 

These phenomena indicate that all the electrons of an atom are not held by 
the nucleus with the same force. For if this were the case, the energy of the 
absorption edge (i.e. the energy required to remove an electron from the atom) 
would necessarily always correspond to the limit of the optical arc spectrum. 
Since in general only one electron is removed from an atom by X-rays, or at 
most a few (cf. p. 135), other ionization processes must exist besides that 
corresponding to the limit of the arc spectrum. The existence of different absorp- 
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tion edges (R, L, M, &c.) proves further that even in the X-ray region there 
must be different ionization processes involving different energies 

An explanation of the mechanism of X-ray emission in agreement 
with the experimental observations outlined above was first put 
forward by Kosseil in 1914. Since (as we have just seen) all the 
electrons in the atom are not held with equal force, we must assume 
that some are nearer and some farther from the nucleus. The data 
to be given later lead to the view that there, are groups of electrons 
in the atom, all the members of a group being at approximately the 
same distance from the nucleus, i.e. situated more or less on a spherical 
shell surrounding the nucleus. Several such shells axe supposed to be 
present in complicated atoms, and the maximum number of electrons 
to each is different for different shells. The innermost shell, in which 
the electrons are most strongly held on account of their proximity to 
the nucleus, is called the K-shell. The next is called the E-shell, and 
so on outwards from the nucleus (see fig. 9). In complicated atoms 
the inner shells are supposed to be full, i.e. to be occupied by the 
maximum numbers of electrons which they can hold. 

Suppose now that an electron from the K-shell is ejected from the 
atom by means of a sufficiently energetic cathode-ray particle. The 
free place thus created in the K-shell may be taken e.g. by an electron 
from the L-shell. This results in the liberation of a quantity of energy 
equal to the difference between the energies of an electron in the 
K-shell and in the L-shell. This energy difference is emitted in the 
form of monochromatic radiation — the Ka line. If, alternatively, an 
electron drops from the M-shell into the free place in the K-shell, the 
larger energy quantum of the K/3 line is emitted. 

The energy required to eject an electron from the L-shell is less 
than that required to eject an electron from the K-shell: the L- 
absorption edge corresponds to a longer wave-length (a smaller fre- 
quency) than the K-edge. The dropping of electrons from outer shells 
to a free place in the L-shell gives rise to the lines of the L-series. 
Analogous considerations hold for the remaining series. The atom 
which was ionized in the original excitation process eventually captures 
an electron again; this electron takes up the place which has become 
free in an outer shell, thereby emitting the appropriate radiation 
(possibly in stages). 

This theory provides the first explanation of the peculiar behaviour 
observed in connexion with the excitation of X-ray spectra. We see 
that it is impossible to excite the Ka line by supplying the energy 
corresponding to it; for this would necessitate lifting an electron from 
the K-shell to the L-shell, a process which is impossible because the 
L-shell is already full. Analogous considerations hold also for the 
other lines of the K-series. In order that the emission of the Kb series 
may become possible, an electron must be ejected from the K-shell 
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so as to react the outside of the atom. The energy corresponding to 
this ejection is therefore the minimum which will cause the X-lines 
to appear. We see too that, once the K-electron has been ejected, all 
the lines of the K-series, can occur. Thus the simultaneous appearance 
of all the lines of the series when a certain limit of excitation energy is 
exceeded, at once becomes intelligible. 

The intensity relationships are also well accounted for. It is natural 
to assume that a free place in any given shell will most probably be 
filled by an electron from the next shell and that the probability of an 
electron falling into the free place from more distant shells decreases 
with the distance. Actually the Ka line is found to be the most 
intense (fig. 61, p. 74), and in general the intensity falls off as we 
pass to higher members of a series. 

Prom the above theory we may deduce that in order to excite a series it is 
not necessary to eject the inner electron completely from the atom, but only 
to move it out to the nearest empty or incompletely filled shell. However, the 
energy difference between an electron when removed completely from the atom 
and when in a shell which is fairly remote from the nucleus is very small compared 
with the energy difference between an electron when in the shell just mentioned 
and when in the K-shell (see fig. 10, p. 295). Consequently, since the empty or 
incompletely filled shells are in the outer part of the atom, .the energy required 
to remove a El-electron completely from the atom differs only slightly from that 
required to move the electron to an unoccupied place in an outer shell. We should 
expect a certain fine structure of the absorption edges , and this is in fact observed. 
The observed fine structure, however, is not altogether due to this cause. 

The theory just outlined at once explains the combination relation- 
ships mentioned on p. 292. These can 
be read off without difficulty from 
fig. 9. A comparison may be made 
e.g. with the analogous combination 
relationships between the various 
members of the hydrogen series (p. 
184). 

A comparison with the Bohr model 
of the hydrogen atom also gives an 
explanation of the significance of the 
series formula given on p. 291, which 
holds at least approximately for X-ray 
spectra. An electron in the K-shell 
is under the influence of the nuclear charge, but this is to some 
extent Cf screened by the other electron in this shell. (It will be 
shown later that the K-shell contains only two electrons.) Hence 
the effect is as if the nuclear charge Z w^ere reduced to (Z — cr), 
where a is the so-called screening constant. It is accordingly to 
be expected that the Bohr formula will hold approximately, but 
with the quantity Z — a (the so-called effective nuclear charge or 



Fig. q. — D iagram to explain the 
excitation of X-ray series 


X-RAY SPECTRA 


295 


effective atomic number) in place of Z. The formula can only hold 
approximately, because no account has been taken of the effect of the 
L-shell. We need not discuss this further here. Tor the L-series the 
effective nuclear charge is still smaller, on account of the direct screening 
action of the whole E-shell and the marked additional screening action 
of the remaining electrons of the L-shell itself. (It will be shown later 
that the maximum number of L-electrons is eight.) This is in good 
accord with the relatively large screening constant (cr = 7*4) which 
here appears in the formula (p. 292). 

Term Diagrams, — Just as for the optical spectra, the stationary 
states (i.e. the stationary energy levels) can be represented graphically 
in a term diagram. In order to bring 

this representation into relation with the rri K 

corresponding diagrams for optical spec- 
tra, the following considerations must be 
taken into account. The zero of the 
energy scale is taken as the energy of K'Skrtes & $ 16U 
the singly-ionized atom, in the case in 
which the most easily -removed, electron has 

been removed. The ordinary excited ,, r 

states of the neutral atom have lower z- Series 

energies than this, i.e. have negative *-2x r M 

energies. Now the energy of the atom — - zero 

in an excited state wMoh gives rise to Fig . I0 ._ simple term AiSLg ^° 
the emission of X-ray series is con- for x-ray spectra 

siderably higher than the zero just de- 
fined, because an electron which is ordinarily firmly held by the 
nucleus has been removed from the atom entirely or at least 
removed to the outer regions. The amount of energy required to 
remove such a firmly-held electron is much greater than that required 
to ionize the atom by removing the least firmly-held electron. Hence 
the highest energy state of the singly-ionized atom is that in which 
the electron removed has come from the E-shell. The state in 


Fig. io. — Simple term diagram 
for X-ray spectra 


which the electron is missing from the L-shell has a lower energy, and 
so on. We thus arrive at the system of energy levels represented in 
fig. 10. In emitting the Ea line the atom passes from the uppermost 
level to the next lower. This means that the free place which was 
previously in the E-shell has been transferred to the L-shell; or, what 
is the same thing, an electron has jumped out of the L-shell into the 
E-shell. According to the series formulae of pp. 291, 292, we may 
ascribe the quantum number n = 1 to the E-shell, n = 2 to the 
L-shell, n — 3 to the M-shell, and so on. We see that the order of the 


levels, as compared with those of hydrogen, is inverted. As has just 
been pointed out, the reason for this is that the transition of an electron 
in the hydrogen atom is analogous to the transition of a free place or 
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“ hole 55 in the diagram now under consideration. Thus whereas in 
optical term diagrams each series has a common final state and various 
initial states, in X-ray term diagrams each series has a common initial 
state and various final states. In both cases, however, the actual 
electron transitions are from various initial states to a common final 
state. 
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S 1 */2 
S 2 3/2 
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Fig. ii. — General term diagram for the X-ray spectrum of a heavy atom. The distances 
between the energy levels are not drawn to scale (see fig. io, p. 295) 


An alternative type of diagram is often used in which the KL-level is placed 
lowest, the whole system being inverted relative to fig. 10. The transitions 
marked on the diagram are then actual electron transitions (not transitions of 
the 44 hole” as in fig. 10) and complete parallelism to the optical term diagrams 
is attained. In the light of what has been said above, however, such a mode of 
representation does not appear to be quite so natural, though when it is only a 
question of the energy differences involved the form of representation is of no 
consequence. 
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Fine Structure in X-ray Spectra, — It lias already been mentioned 
on pp. 60 and 292 tliat the E-series exhibits three neighbouring absorp- 
tion edges and the subsequent series even more. These E- edges are 
called L m> E II? and E I5 and similar symbols are used for the other 
series. From this we conclude that the E-shell must be triple in the 
sense that a free place or hole in the L-shell may be associated with 
three different but neighbouring energy levels of the atom. 



Fig. iz . — Variation of term values with atomic number 
[From Zeitsckrift fur Physik , Vol. XII (1922) (Springer, Berlin).] 


It has been shown by Webster and Clark and by Hoyt that the lines of the 
E-series are excited in successive groups as the energy of the exciting cathode rays 
is gradually increased. In the case of tungsten R lines first appear above 10,200 
volts; but the w'hole series does not appear at once, as is the case for the K- series. 
Absorption measurements show that 10,200 volts is equivalent to the hv value 
of the L in edge. Only when the energy corresponding to the L n edge (11,600 
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volts) is readied does a further group of lines appear. A third and final group 
makes its appearance when the cathode-ray energy reaches 12,000 volts* which 
corresponds to the L* absorption edge. 

By means of experiments of this kind it is possible to associate 
the different lines of a series with the different absorption edges and 
so to verify and amplify the term diagram. Fig. 11 is an improved 
diagram of this kind, showing the observed lines and their normal 
designations. The allocation of the principal quantum numbers n 
has already been mentioned on pp.* 295 and 292. The numbers given 
on the right of the diagram under the headings l and j will be discussed 
later. We see again that all possible combinations of energy levels 
do not actually occur. Once more the transitions must be governed 
by certain selection rules (see p. 321). 

The dependence of the energy levels or terms on the atomic number 
of the atom concerned is shown graphically in fig. 12, from which we 
shall be able to deduce important conclusions about atomic structure. 
We see that the different energy levels show different kinds of variation 
with atomic number. Thus L* and L n run nearly parallel; as do also 
Mj and I n3 M m and M IV , and N n , and N IV , and O x and 
On, O m and O^, and P z and Prx- Each of these pairs of terms gives, 
in combination with some other term, a doublet -with a frequency 
separation which is approximately inversely proportional to the 
principal quantum number n of the shell in question. Doublets of this 
kind are known as screening doublets. The pairs of transitions giving 
such doublets can be read off from fig. 11. On the other hand, the 
following pairs of energy levels show a different behaviour as plotted 
in fig. 12: L^ and L ms M E and M m , and M w and M v . These pairs give 
rise to doublets whose separation is proportional to (Z — cr) 4 , where 
cr is the screening constant. As will be shown later, the energy difference 
between the components of these pairs of levels is connected with 
different orientations of the electron spin. The doublets are therefore 
called spin doublets. 

B. The Shell Structure of Atoms 

4. The Periodic Properties of the Elements and their 
Explanation 

As was shown in Chapter I of this volume, the elements may be 
arranged in succession so that each may have ascribed to it an ordinal 
number (the so-called atomic number) which is the number of extra- 
nuclear electrons or the number of elementary positive charges upon 
the nucleus. Xn this arrangement, therefore, each element differs from 
the preceding one in having a nucleus with one extra positive charge 
and one extra electron in the surrounding electron swarm. This addition 
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of one electron to the outer region must affect those properties of the 
atom (e.g. atomic volume or diameter) which depend on the extra- 
nuclear configuration. Properties of this kind have been considered 
in connexion with figs. I and 2 (pp. 7 and 8), when it is found that 
the variation with atomic number is not always in the same direction, 
but is periodic. This is true e.g. of the atomic volume (see fig. 1 . p. 7) 
and is particularly true of the chemical properties (see the periodic 
table, Table I, p. 4). The spectral properties of atoms show a similar 
periodicity. Thus, as we have seen on p. 277, all the alkali metals have 
similar spectra. The periodicity of spectral character is particularly 
noticeable in the case of the term multiplicity. Here we have the so- 
called alternation law of Rydberg, which states that neutral elements 
of odd atomic number have terms of even multiplicity, while neutral 
elements of even atomic number have terms of odd multiplicity. It 
is to be noted that the multiplicity here referred to is the term multi- 
plicity, not that of groups of spectrum lines. Table XXI shows the 


Table XXI. — Term Multiplicities 


19 K ■ 

20 Ca 

21 Sc 

22 Ti 

23 v 

24 Cr 

25 Mn 

26 Fe 

doublet 

singlet 

triplet 

doublet 

quartet 

(singlet) 

triplet 

quintet 

quartet 

sextet 

quintet 

septet 

quartet 

sextet 

octet 

triplet 

quintet 

septet 


alternation law for the fourth period of the periodic table (atomic 
numbers 19 to 26). 

The periodicity of the properties depending on the arrangement of 
the extranuclear electrons indicates that, in the building up of heavier 
atoms by successive increase in the nuclear charge and increase in the 
number of extranuclear electrons, there must be a periodic recurrence 
of similar electronic configurations. This is reminiscent of the shell- 
like structure of atoms already referred to in connexion with X-ray 
spectra (p. 293). We shall now go into this question in rather more 
detail. 

The electronic configurations of the inert gases all show a remark- 
able stability. The numbers of electrons involved are: He, 2; Ne, 10; 
A, 18; Eh, 36; Xe, 54; Rd, 86. The great stability is manifested firstly 
in the extreme chemical inertness of the inert gases and secondly in 
the tendency of elements of neighbouring atomic numbers to assume 
the inert-gas structure. We have already mentioned that the elements 
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which, follow the inert gases in the periodic table have an electropositive 
character, i.e. are able to lose electrons relatively easily, the number 
lost being just sufficient to reduce the extra-nuclear configuration to 
that of the preceding inert gas. On the other hand, those elements 
which precede the inert gases have a strong electronegative character, 
being readily able to take up the number of electrons required to make 
up the inert-gas structure. In view of these facts, we shall not go far 
wrong in assuming that each inert gas represents the completion of a 
shell. In the alkali metal immediately following an inert gas the extra 
electron becomes the member of a new outer shell. This is in agreement 
with the large increase of atomic volume occasioned by the introduction 
of this new electron (see the peaks in the atomic diameter graph of 
fig. 1, p. 7). The introduction of a further electron to give an alkaline- 
earth atom clearly adds a second member to the shell previously begun; 
for the atomic volume, instead of increasing, becomes less (as is to be 
expected on account of the simultaneous increase of nuclear charge). 
Thus, for example, the radius of the hydrogen atom in the ground state 
is 0*532 A., while that of He + is only half this figure. In the neutral 
helium atom the screening effect of the electrons makes the radius 
greater (actually 0*3 A.), but not nearly so great as for hydrogen. 

It is possible to obtain more direct evidence for the assumption 
that the extra electrons of the atoms following an inert gas occupy 
a new shell in the structure. Let us consider the ionization potentials, 
i.e. the amounts of work (expressed in electron-volts) required to 
remove an electron from the neutral atom (or from the singly, doubly, 
<fec., ionized atoms respectively) in the ground state. These potentials 
are collected in Table XXII for a number of elements, so far as they 
are at present known. Some of the numbers are derived from spectro- 
scopic data (i.e. from the limits of the principal series, see p. 280). 
We consider first the amounts of work required to remove the first 
electron. We see that the values increase with increasing atomic 
number until an inert gas is reached. Then there is a sudden drop: 
the next electron (in the succeeding alkali metal) is held very much 
more loosely than the electrons of the preceding inert gas, although 
the nuclear charge is greater for the alkali metal. This is simply a 
quantitative expression of the ease with which the alkali metals can 
form positive ions. The same sort of thing is found when we consider 
the work required to remove the successive electrons from one and the 
same element. Thus in the case of potassium the removal of the nine- 
teenth electron (i.e. the one in excess of the number for an inert gas) 
requires only about an eighth of the energy subsequently necessary to 
remove the eighteenth electron (see Table XXII). Of course the 
attraction of the nucleus is enhanced by the removal of the nineteenth 
electron; hut this cannot account entirely for the much larger amount 
of work required to remove the next electron. For consider the case 
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Table XXII. — Work required to remove Successive Electrons 

(in Electron-volts) * 


Atomic 

Number 

Element 

Work required to remove the 7ith Electron J 

1 

2 

3 

4 

5 

6 

1 

H 

13*54 





, 

2 

He 

24*45 

54*12 





3 

Li 

5*37 

(75-8) 

122 




4 

Be 

9*50 

18-14 

(154) 

216-50 



5 

B 

8*34 

24-20 

37-79 

(261-0) 



6 

C 

11*20 

24*30 

46*30 

64*23 

(395) 


7 

N 

14*49 

29*56 

47-20 

(73-50) 

97-4 


8 

O 

13*56 

35*00 

54*88 

77*0 

110-8 

137-4 

9 

E 

18*60 

32-30 

(62-50) 

86*6 

102*3 


10 

Ne 

21*48 

41*00 

. 





11 

Na 

5*12 

■ 

47-0 





12 

Mg 

7*61 

14*97 

80*0 




13 

A1 

5*95 

18*75 

28*30 

122*0 



14 

Si 

7-39 

16-25 

33-35 

44*95 

169 


15 

P 

10*30 

19-80 

30*0 

48*0 

64-80 


16 

s 

10*31 

23-30 

32-1 

47*1 

690 

88*0 

17 

Cl 

13*10 

24*60 

39-6 

47-4 

67-6 

8S-7 

18 

i A 

15*70 

27*82 





19 

K 

4*32 

31-70 

* 




20 

Ca 

6*08 

11-82 

51*0 




21 

Sc 

6*70 

12*80 

24*6 

(72-2) 



22 

Ti 

6*81 

13*60 

(28*0) 

43*06 

(95*70) 


23 

V 

6*76 

14-70 

29*6 

48-30 

64*90 

122 

24 

Cr 

6*74 

16*60 


50-40 

72-80 


25 

Mn 

7*40 

15*70 



75*70 


26 

Ee 

7*83 

(16-50) 





27 

Co 

7*81 

17*20 





28 

Ni 

7*64 

18*20 





29 

Cu 

7*69 

20*50 





30 

Zn 

9*35 

17*89 





31 

Ga 

5-97 

18-90 

30-6 




32 

Ge 

(9-5) 

16-00 

32-0 

: 

45*30 




* The figures for the 2nd, 3rd, . . . electrons refer to the removal of the electron 
in question after the preceding electrons have been removed. Thus e.g. the total 
work required to remove four electrons from the carbon atom is 11*2 -4- 24*3 -f* 46*3 
4- 64*2 = 146 electron-volts. 
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Table XXII — ( continued ) 


Atomic 

Number 

Element 

Work required to remove the nth Electron 

1 

2 

3 

4 

5 

6 

33 

As 

(11-5) 


(28*0) 


62-4 


34 

Se 

(9-5) 





81*40 

35 

Br 

(11-60) 






36 

Kr 

13*90 

26-4 





37 

Rb 

4*16 






38 

Sr 

5-67 

11-0 





39 

X 

6*50 

12-30 

20*60 




40 

Zr 




34*20 



45 

Rh 

7*70 






46 

Pd 

9-0 






47 

Ag 

7-54 

21-0 





48 

ca 

8-95 

16-8 





49 

In 

5*76 

16-8 

27*91 




50 

Sn 

7-36 

14-53 

30-49 

40*57 



51 

Sb 

(8-50) 



43-91 

55*40 


54 

Xe 

12*0 

(24*25) 





55 

Cs 

3-88 






56 

Ba 

5-19 

9-95 





57 

La 

5-50 

(12*50) 





58 

Ce 

6-91 | 






59 

Pr 

5-76 1 






60 

Nd 

6-31 






62 

Sm 

6-55 






65 

Tb 

6*74 






66 

By 1 

6-82 






70 

Yb 

7*06 






79 

Au 

9-25 






80 

Hg 

10*39 

18-67 





81 

T1 

6*08 

(21*0) 

30*6 




82 

Pb 

7*39 

14*98 

31*93 

43*90 



83 

Bi 

8*00 


25*90 




88 

Ra 


10*2 






of the next element calcium. Here the amount of work necessary to 
remove the twenty-first electron is rather less (6*08) than that required 
subsequently to remove the next electron (11*82). This is due to the 
reduction of the screening. The two amounts are nevertheless of the 
same order of magnitude. In order to remove one more electron from 
calcium, a very much greater amount of work (51*0) is found to be neces- 
sary— evidently because a new shell has to be broken into. The same 
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sort of thing is ex h ibited in the case of the next element scandium. 
Here three electrons can be removed relatively easily, but the fourth 
suddenly requires a much greater expenditure of work (see Table XXII). 
If we make due allowance for the reduction of screening, the above 
considerations show quantitatively the great stability of the electron 
configurations of the inert gases and the beginning of new shells in 
the alkali metals. 

The distributions of charge density, as calculated by wave mechanics, 
likewise show maxima at different distances from the nucleus, corre- 
sponding to the successive shells at present under discussion (see fig. 13). 



' Distance from 
nucleus 


Fig. 13.- — Radial distribution of charge density for 
Li+, Na+, and. CI~ (after Pauling) 

Making use of the periodic table and the table of ionization poten- 
tials given above, we might now attempt to deduce the numbers of 
electrons contained in the different shells for different elements. In 
this connexion, however, we have to take account of the following 
consideration, which throws some doubt on the solution of the problem 
in this simple form. The configurations in the neighbourhood of the 
inert gases may be regarded as unique: the completion of shells at the 
inert gases and the commencement of new shells at the alkali metals 
may be taken as certain. The sub-groups and the transitional groups, 
however, cannot he brought into the scheme without further investiga- 
tion. It is quite possible, for instance, that when the M-shell has been 
built up to a certain (incomplete) extent, the next electrons may enter 
the N-shell, i.e. that new shells may be commenced before the preceding 
shells are completed. This will obviously be a question of the energy 
relationships involved in the process of building up successive atoms 
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of the periodic table by successive increases of the nuclear charge and 
additions of extra-nuclear electrons. The configuration which results 
will be that which has the lowest energy in each case. As we shall see 
later, considerations of optical spectra give a clear answer to questions 
of this kind. 

X-ray spectra also give information on this point, as can be seen in 
the following way. In the first place, the complete linearity of the 
X-ray spectra of the El-series and the approximate linearity of the 
L-series are in striking contrast to the marked periodicity of other 
properties of the elements when arranged in order of atomic number. 
It is not difficult, however, to understand how this must come about, 
in the light of what has been said above. The innermost shells of elec- 
trons are responsible for the production of the X-ray series mentioned. 
The electrons in these shells are strongly influenced by the nuclear 
charge, but this influence is to some extent screened by the presence 
of the remaining extra-nuclear electrons of the atom. Regarding the- 
different shells as occupying fixed positions in space around the nucleus 
(cf. fig. 44, p. 271, and fig. 9, p. 294), we may resolve this screening 
effect into three parts: (1) that due to the electrons of shells nearer 
the nucleus than the shell of which the selected electron forms a part, 
(2) that due to the electrons in shells farther from the nucleus , and (3) 
that due to electrons in the same shell as the selected electron. To a 
first approximation we may regard the screening of part (1) as complete, 
i.e. we may suppose the nuclear charge to be reduced by a number of 
elementary units equal to the number of electrons in the inner shells 
concerned. The second part of the screening can be computed by 
assuming the outer shells to be spherically-symmetrical charge dis- 
tributions upon spheres with the radii of the respective shells. The 
potential energy of an electron within such a spherical shell of radius 
pa 0 (where a 0 is the radius of the first Bohr circular orbit) and of total 
charge Ze is Ze 2 /(pcs 0 ). This decreases as p increases. Thus it is easy to 
see, for example, that the addition of an electron to the N-shell has 
only a vanishingly small effect on the energy of an electron in the 
EL-shell in comparison with the simultaneous increase by unity of the 
nuclear charge. The third part of the screening effect, namely that due 
to the electrons in the same shell as the selected electron, is difficult 
to estimate; but at any rate the screening due to each such electron 
is only partial. 

By following the train of thought first suggested by Bohr, i.e. by 
regarding each element as built up from the preceding element by the 
addition of one extra-nuclear electron and the simultaneous increase 
of the nuclear charge hy unity, it is thus possible to draw some con- 
clusions as to the position taken up hy the new electron from considera- 
tion of the screening to which it is subjected. X-ray spectra give us 
quantitative information about this scree nin g. In fig. 14 (which corre- 
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sponds to a portion of fig. 12, p. 297, on a larger scale) the ordinates 
of the graphs are the square roots of the term values. These are pro- 
portional to the effective nuclear charge (Z — a), where a is the screening 
constant (see p. 294). Hence cr may be calculated directly, A linear 
slope of the graphs indicates that a is constant, i.e. that the newly- 
added electrons are being incorporated in shells lying far outside the 



Fig. 14. — Variation of X-ray term values with atomic number 
(enlargement of part of fig. 12* p. 397 ) 


shell concerned in the X-xay term. Where the slope of the graphs 
becomes flatter, the value of a must increase. This indicates the begin- 
ning of a stronger screening action, Le. the incorporation of the new 
electron in a shell nearer the shell under consideration. Where a graph 
runs horizontally, the effect of unit increase of Z must be completely 
compensated by the screening effect of the newly-added electron (i.e. 
Z — or = constant), which means that this electron must take up a 

( E 957 ) 21 
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place in a shell which is nearer the nucleus than the shell under con- 
sideration. Inspection of the shapes of the graphs shows clearly that 
discontinuities occur at the boundaries of the groups of elements 
21-28, 39-46, and 58-72. Whereas in the remaining elements the 
electrons added in the building process take up positions in an. outer 
shell, in the elements of these groups the added electrons clearly go 
into an inner shell. These latter elements are precisely those which 
are known to show variable valency and variable chemical relation- 
ships. From the magnitude of the change of slope of the individual 
graphs it is possible to deduce which shell the newly-added electrons 
enter. For the group 21—28 it is the M-shell, for the group 39—46 the 
N-shell, and for 58-72 the N-shell again (not the O-shell, as is proved 
by the horizontal course of the O graphs, see fig. 14). 

The quantitative calculation of the number of electrons in the 
different shells from the screening constants presents great difficulties. 
It must be remembered that, in terms of the Bohr model, the cc outer ” 
electron orbits may have a large eccentricity and may therefore 
penetrate into the region of the inner shells. The exact calculation of 
the effect of this penetration is very difficult, though the above quali- 
tative conclusions remain unaffected. There is, however, another 
method by which the problem may be treated. This method, which 
was also put forward by Bohr, will be considered later (see p. 334). 

C. The Vector Model of the Atom 

5. The Atomic Structure of Hydrogen-like Elements 

Resemblance of the Alkali Metals to Hydrogen. — -As has been 
mentioned on p. 210, the Bohr atomic model is not capable of providing 
a satisfactory solution of the problem of the helium atom (nucleus and 
two electrons), for which it is necessary to make use of wave mechanics 
(see p. 273). It would therefore seem at first sight hopeless to try and 
derive the behaviour of still more complicated atoms from the Bohr 
model. However, a knowledge of the periodicity of the chemical pro- 
perties, and the spectral and other physical properties of the elements, 
provides a means for overcoming the difficulties, at least in part. Let 
us consider the alkali metals. According to what has been said above, 
one of the electrons in an alkali metal atom occupies a peculiar position, 
in that it moves in the outer parts of the atom, whereas all the remain- 
ing electrons are confined to completed shells lying more or less near 
the nucleus. Hence it is permissible to make a rough model of the atom 
by supposing the single outer electron to circulate around an atomic 
“ core 55 * whose dimensions are small relative to the dimensions of the 
outer orbit. The outer electron is generally referred to as the valency 


* Ger. JLtomrumjpf. 
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electron, since it is the one which takes part in chemical combination. 
The nuclear attraction on the valency electron is strongly screened by 
the electrons of the core. We see that this model is very similar to the 
Bohr model of the hydrogen atom, and we may expect to he able to 
deduce (as for hydrogen) those properties of the alkali metal atom 
which depend on the special part played by the valency electron. 

These considerations also find support from the wave-mechanical 
treatment of the problem. Unsold has shown that when all the shells 
are complete the wave-function involves only spherical functions 
depending on the radius r. Thus there are no nodal planes or nodal 
cones and the charge distribution is spherically symmetrical, as in 
the cases with l = 0 treated on p. 268. Now according to our model 
the singly-charged ions of the alkali metals have only completed shells, 
having lost the outer valency electron. The actual charge distribution 
for Li + and Na + have been shown in fig. 13 (p. 303). The corresponding 
distribution for Iv ! is approximately that given for Cl” in the same 
figure. The intensity of reflection of X-rays from alkali halide crystals 
depends on the charge distribution in the atoms. It has been found that 
the intensities calculated from the charge distributions of fig. 13 are 
in good accord with observation. Wave-mechanical calculations give 
the following values for the effective radius of the outermost spherical 
“ electron cloud 55 , i.e. the radius of the “ core 53 in the rough model 
referred to above: Ii + , 0*28 A.; Na + , 0*41 A.; KL 0*82 A.; Rh + 3 1-20A.; 
Cs + , 1*48 A. On the other hand, the atomic radii of the neutral alkali 
metal atoms, as deduced from gas-kinetic theory and from melting- 
points and similar data, are: Na, 1*62 A.; K, 1*91 A. This is therefore 
the radius of the orbit 55 of the valency electron. We see that there is 
a certain resemblance to the hydrogen atom and that the representation 
of an alkali metal atom as a one-electron system is quite well justified. 

The Vector Model, — A certain difficulty is encountered when an 
attempt is made to develop the ideas just outlined. We have seen that 
the Bohr model has shortcomings, and we therefore cannot rely on 
conclusions drawn from models of Bohr type. In order to get completely 
accurate results it is necessary to apply the wave-mechanical method. 
Unfortunately it is quite impossible to form any mental picture of the 
wave-mechanical model of a complicated system, because it has not 
been found possible to construct any representation of the wave 
functions in ordinary three-dimensional space. Even if such a repre- 
sentation were possible, it would be so complicated that it would 
be very difficult to work with. Hence it is found advantageous to 
make use of a simplified model, just as the chemist uses formulae which 
are symbols for much more complicated systems. The chemist writes 
his formulae in one plane; and hence in order to take account of the 
three-dimensional relationships which hold in chemical compounds it 
is necessary to ascribe to certain configurations properties which do 



308 SPECTRAL LINES AND STRUCTURE OF ATOMS 


not follow from the plane symbols alone. Even a three-dimensional 
chemical formula with its spatially-directed valency bonds is only a 
greatly simplified symbol for what is probably in reality a very com- 
plicated system of electric and magnetic fields. The same sort of 
symbolic representation is adopted in atomic physics. The ideas of 
definite orbits and point-electrons are taken over from the Bonn 
theory, but the properties ascribed to the angular momentum vectors 
associated with these orbits and electrons are those deduced from wave 
mechanics. In this way we obtain a convenient and nevertheless exact 
representation which, though only in the nature of a symbol adopted 
so as to avoid the actual difficulties and complexities of the system, 
is of great practical use. That the symbol must not he taken too literally 
is clear, for example, from the fact that all the ellipses of maximum 
eccentricity (l = 0, see p. 198) have no orbital angular momentum. . 

As we shall see, the atomic model under discussion is chiefiy con- 
cerned with the vectors associated with the different quantum numbers. 
We shall therefore refer to it as the vector model. 

Alkali-like Systems. — We shall now develop the model for alkali- 
like systems, i.e. those which can be regarded as consisting of a core 
and a single outer or valency electron. To this class belong Mg + , Al +4_ , 
&c., besides the alkali metal atoms themselves. We must hear in mind 
the differences to be expected in such systems as compared with the 
hydrogen atom. The principal difference is that the core cannot be 
regarded as a point-charge like the hydrogen nucleus. The outer electron 
moving in its orbit (or the corresponding charge distribution in its 
pulsation) may be expected to cause a polarization of the core, i.e. a 
displacement of the charges within it. As a consequence of this, the 
force exerted by the core upon the electron at the different points of 
its orbit will not be expected to be the same as if the core were a point- 
charge. The effect will be similar to that which results from the 
variability of the mass of the electron in the hydrogen atom: the 
perihelion of the orbit will precess, and the electron will trace out a 
rosette of the type illustrated in fig. 57, p. 201. In the present case, 
however, the effect is much stronger than that due to the variability 
of mass in the hydrogen atom. The angle through which the perihelion 
turns in one revolution of the electron in its orbit is much greater here. 
In orbits of large eccentricity and therefore small perihelion distance 
(or, in the wave-mechanical model, models of vibration for which l 
is small and maxima of charge density occur at small distances from 
the nucleus) it is to be expected that the electron will actually penetrate 
into the core (or, in the wave-mechanical model, that the inner maxima 
of charge density will interact strongly with the charge distribution 
of the inner shells 5? ). For the sake of simplicity the Bohr model 
will be referred to exclusively in what follows. The reader may he left 
to translate the description into terms of the wave-mechanical model 
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in the manner indicated above, in so far as this can be done simply. 

It is to be expected that an electron in a penetrating orbit . such as 
is represented in fig. 15, will interact very strongly with the core of 
the atom. The effective nuclear charge will be greater for such an 
orbit, i.e. the screening will be less, than for a non-penetrating orbit. 
This indicates that the fine structure, 
which in the hydrogen spectrum is due 
only to mass variability or applied 
field, must be much more marked in 
the alkali-like spectra. This may be 
expressed in terms of our model by 
saying that the elliptical orbits of 
different eccentricity, which in the 
hydrogen atom are energetically very 
nearly equivalent, are energetically very different in the alkali-like 
atom. The question arises whether we can ascribe the s-, p- 7 or 
^-states to definite orbits. Obviously the above considerations on the 
relation between orbit shape and energy will be of importance in this 
connexion. 

Effective Quantum Number and Quantum Defect. — It was shown 
on p. 277 that the alkali spectra can be represented by means of terms 
of the form ~R/(n + a) 2 . It is not possible to deduce the value of n 
from experimental data, but only the value of (n + a) — n (the so- 
called effective quantum number). Hence the allocation of numerical 
values to n and a separately was considered to be arbitrary and a 
certain convention was adopted for the sake of convenience (see p. 280.) 
In the light of our atomic model, however, we can make a definite 
statement about the value of n. Using the value of n derived from 
the atomic model, we shall express the effective quantum number 
by the equation n = n — q 7 where q is the so-called quantum defect. 

We know from X-ray spectra that the successive shells are associated 
with the successive principal quantum numbers n in the way outlined 
on p. 295; i.e. for the K-shell, n= 1; for the L-shell, n = 2; for the 
M-shell, n = 3; <fcc. Accordingly the valency electron of Li must, in 
the ground state, occupy an orbit with n = 2, since the shell with 
n — 1 is already filled up with two electrons. Similarly, the valency 
electron of Na must, in the ground state, occupy an orbit with n = 3, 
since the shell begun at Li is already completed at Ne. In the same 
way, the valency electron of K must occupy an orbit with n = 4, 
that of Rb an orbit with n = 5, and that of Cs an orbit with n = 6. 

Now provided that the orbit in which the electron moves is far 
outside the atomic core, the nuclear charge Z will be so screened by 
the (Z — 1) electrons of the core that it is effectively reduced to unity 
(see p. 304). Thus for such non-penetrating orbits the energy will be 
quite similar to that for the hydrogen atom, for the electron is under 



Fig. 15. — Penetrating- orbit with 
marked precession of the peri- 
helion. 
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the influence of a nucleus of unit effective charge. The spectral term 
in question will have practically the same value as the corresponding 
hydrogen term, viz. R/^ 2 . Here the quantum defect q is practically 
zero. On the other hand, orbits which approach or actually penetrate 
into the core will differ markedly from hydrogen orbits; they will 
have an effective quantum number n which is less than n, i.e. the 
quantum defect will be appreciable. That n must be smaller , and not 
larger, than n is clear from the fact that the influence of the nucleus 
on the electron over a portion of its orbit is greater than would corre- 
spond to unit nuclear charge, so that the orbit will resemble a hydrogen 
orbit of lower quantum number. The quantum defect q in the equation 
n — n — q will therefore be a positive quantity and the name “ defect ” 
is justified. 

Table XXIII gives the values of the effective quantum numbers 
and quantum defects for the different alkali metals, as derived from 


Table XXIII. — Effective Quantum Numbers n and Quantum Defects q 
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the series relationships (cf. p. 279 for potassium). From the table it 
can be seen that the orbits which are nearest to hydrogen orbits (i.e. 
have the smallest g-values) are those corresponding to the /-terms. 
Then follow in order those corresponding to the d-, p-, and s-fcerms. 
This will therefore be the order of increasing eccentricity, for it is the 
orbits of greatest eccentricity which penetrate to the greatest extent 
into the atomic core. Bearing in mind the relationship between eccen- 
tricity and the quantum number l (see fig. 55, p. 200), we therefore 
arrive at the following allocation of Z- values to the different terms: 
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The same conclusions may be arrived at by considering the term 
diagram (e.g. for Cs, fig. 3, p. 281). On th e extreme right of the figure 
referred to are plotted the values of a/K// i.e. of the effective quantum 
numbers, so that the deviation from the hydrogen value can be read 
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Fig- 1 6. — Terms of lithium-like electronic systems 


off directly for each term. The terms themselves are marked (on the 
left) with symbols in which the first number is the principal quantum 
number as derived from the atomic model. Since l cannot be greater 
than n — 1, it follows (and can be seen from the term diagram) that 
the d-terms first appear when n becomes equal to 3, the /-terms when 
n becomes equal to 4, and so on. 

The spectra of other alkali-like systems also furnish evidence of the 
relevance of the discussion. Fig. 16 shows the term- values for those 
spark spectra of Be, B, and C which involve the same electronic con- 
figuration as neutral Li. Since in these spark spectra the frequencies 
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of the lines (and also tlie values of the terms) are proportional to Z 2 , 
it is convenient, as in the figure, to compare the values of T/Z a instead 
of the term- values T. The values for hydrogen are shown on the right 
for purposes of comparison. The numbers beside the points are the 
respective values of n. 

6. The Fine Structure of the Alkali -like Spectra 

The Effect of Electron Spin. — The considerations outlined above 
enable us to understand the various sets of terms (s 9 p, &c.) occurring 
in the case of the alkali metals. The spectra of these metals show a 
greater complexity, however, in that all the terms (with the exception 
of the s-terms) are double. An explanation of this has been sought in 
terms of the spin of the electron (Uhlenbeck and Gotjdsmit, 1925), 
in virtue of which the electron must be regarded as having both a 
mechanical angular momentum and a magnetic moment of its own 
(see p. 209). 

To what extent can the spin of the electron affect the energy level 
of an atom? We shall first consider a system with only one electron. 
In the Bohr, model, the general features of which we have adopted in 
our symbolization of the atom, the electron is supposed to be circulating 
in an orbit round the nucleus. This orbital motion is associated with 
a certain angular momentum, the value of which is measured by the 
quantum number l of p. 267 (more accurately, by a/Z(Z + 1); compare 
the rotator, p. 265), the unit of angular momentum being h/(2rr). 
This angular momentum may be represented by a vector l whose 
magnitude is an integral number of the fundamental units and whose 
direction is as indicated in fig. 58, p. 203, i.e. normal to the plane of 
the orbit in which the electron circulates. In what follows we shall 
refer to / as the orbital angular momentum vector. Now on account 
of its spin the electron has an angular momentum of its own, the 
magnitude of which is |A/( 2 tt). We may also represent this by the 
so-called spin vector ,s. The corresponding quantum number is here 
and is denoted * by s. This spin vector combines vectorially with the 
orbital angular momentum vector, giving the total angular momentum 
vector in accordance with the vector equation 

j = 1+ s. 

We may expect that the quantum number j measuring the total 
angular momentum, like other quantum numbers, will only be able to 
change by integral amounts. As we shall see below, this expectation 
is justified by the facts. 

The coupling of the orbital and spin motions of the electron may be thought 
of as follows. We know that a circulating electric charge is associated with a 


* Kot to be confused with the symbol 5 used to denote energy levels with 1=0. 
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magnetic field in the direction of the axis of rotation. Thus the orbital circulation 
of the electron produces a magnetic field in the direction of the orbital axis (normal 
to the plane of the orbit), and similarly the spin of the electron about its own axis 
produces a magnetic field in the direction of this spin axis. Now we have seen on 
p. 204 that a magnetic field influences a circulating charge in such a way as to 
cause the axis of circulation to precess about the field direction. Hence we must 
regard the orbital electron as spinning on its own axis, while at the same time 
the spin axis precesses about the orbital axis. The action is mutual, however; 
the orbital circulation is also affected by the magnetic field due to the spin. The 
mutual interaction of the two magnetic moments can be described by saying that 
the axis of orbital motion and the axis of spin both precess around their resultant, 
the axis of total angular momentum. The electron thus has an orbital angular 
momentum characterized by the vector / and a spin angular momentum 
characterized by the vector s, and both these vectors precess around their 
resultant j. 



Alkali-like Atoms. — So far we have been considering an atom with 
a single electron. Onr ideas can at once be extended to alkali-like 
atoms. Complete shells, such as are encountered in the inert gases, 
have no resultant angular momentum. Hence the total angular 
momentum of an alkali-like 
system is derived solely 
from the valency electron, 
and we can apply the above 
treatment directly. To each 
of the vectors /, ,s 5 and j 
we ascribe a quantum num- 
ber (l, s , and j respectively) 
which can only change its 
value by integral amounts. 

The effect of the spin of 
the electron is to modify the 
total angular momentum of 
the atom and hence also its 
energy. It will readily be 
appreciated that the energy may be either increased or diminished, 
accor din g as the spin augments or opposes the remaining angular 
momentum of the atom. The complete calculation for a non-penetrating 
orbit gives the result that the change of energy W s due to the electron 
spin is 

- x-xt RAca 2 Z 4 7 , 7 \ 

w -=fflmp+i) , " osKs) ' 

in which the constant a has the value 27 re 2 /(he). Thus it is necessary 
to know the value of Zscos(/, &). Now the vector j is the vector sum 
of l and i.e.y=/+ s*. From the geometry of the parallelogram of 
vectors we have 

j 2 = l 2 -f- s 2 + 2 Is cos (/, «s) 


Figs. 17a and 17 b . — Combination of the vectors 
/ and s to give j for the case l — 2, s — £, j — 3 : 

a, when | v j — r; 

b, when, as according to wave-mechanics, 

I v | = v'tKtr -j- 1 ). 
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or 


Is cos (/, «s) = j 2 — l 2 — s 2 ). 


Note . — Bearing in mind the rule, justified by experimental observation, that 
the values of the quantum numbers can only change by integral amounts, we 
see at once that only the following combinations of the vectors are possible* 
The vector ^ must be either parallel or antiparallel to /, because s = J and the 
difference between the two resulting quantum numbers, he. A j in fig. 17a, must 
be integral. The two combinations give j — l 4- -s and j — l — 5 respectively, 

i.e. I -j- J and l — so that A j = 1. 



Vectors and Quantum Numbers. — 

In terms of the Bohr model the 
two possible orientations of the spin 
vector .s (see note above) mean that 
the spin axis of the electron must be 
either parallel or antiparallel to the 
axis of orbital motion. The parallel 
case is illustrated diagrammatically 
in fig. 18. 

In terms of the wave-mechanical model the meaning is rather 

lb 

different. Instead of the value Z — , the magnitude of the vector l is 


Fig. 18. — Addition of spin and 
orbital angular momentum to give 
the total angular momentum accord- 
ing to the Bohr model. 


2tt’ 


h 


now | / | = a/Z(Z+ 1) ~ 2 ~ - Similarly we have in the wave-mechanical 

model | -s [ = V s(s + 1) and \j\— Vj(j + 1) 

The vector addition, which in the Bohr model has the form of 
fig. 17 a, becomes modified in the wave-mechanical model to the form 
of fig. 176. Here again A j = 1 but 


[Vl-I- VII] 


A 

2tt 


In the wave-mechanical model the geometry of the vector parallelo- 
gram gives 

VW+ T) Vs(s + 1 ) COS(/ 5 5-) = l[j(i + 1 ) — IQ + 1) — 8(8 + 1)]- 

As in other cases, the wave-mechanical result is in complete agreement with 
experiment. Indeed, a corresponding modification of the older result had been 
introduced as a purely empirical correction before the wave-mechanical model 
had been discovered. 


For the sake of simplicity of expression and diagrammatic repre- 
sentation, however, it is usual to adopt the form of vector addi- 
tion shown in fig. 17a. This is used purely as a symbol, just as the 
chemist uses a hexagon as a symbol for benzene, it being borne in mind 
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throughout that each of the vectors really has a magnitude of the 


wave-mechanical form | z? ] = \/v(v + 1) 


A 

2tt 


and that the quantity 


Is cos (/, s) must really be replaced by the corresponding wave- 
mechanical quantity. 

Splitting of the Energy Levels. — The change of energy W s due to 
the spin of the electron has the value (see above) 




K hcaFZ£ 


n,H(L -f- -|-)(Z -f- 1) 


iUU + i) - l(l + l) - ^ + 1)]. 


In the case under consideration (only one electron) the only possible 
values of j are Z -j- - and l — Substituting these values and remem- 
bering that s = we obtain 

w - - n^+m+l) «. 

We thus arrive at the quantitative result that each energy level 
associated with a particular value of Z is split up into two levels. For 
one of these the electron spin augments the angular momentum of the 
atom; for the other it diminishes it. The energy in the former case is 
greater than in the latter, i.e. in the energy diagram the levels with 
higher j lie above those with lower j. (For exceptions see p. 333.) 
The case l = 0 is important. Here (as can be seen from the formula) 
there is only one value of W s : energy levels for which Z = 0 remain 
single. 

This can also he deduced directly from the model. When the atom has no 
orbital angular momentum (l — 0), the vector j has the magnitude and direction, 
of .s. There being no external field (an assumption that is made in all the above 
treatment), all directions in space are equivalent and there is no special direction 
for j. The energy is thus independent of the direction of the spin vector i.e. 
the energy level is single. 


When l =4= 0, the difference between the two energy levels may be 
deduced at once from the formula given above. We obtain 


AW = 


h Av = 


RhccL 2 Z* 
n z l(l + 1)' 


Here Av is the corresponding frequency difference. If we insert the 
numerical values of the constants, the corresponding wave-number 
difference (in cm.” 1 ) comes out to 


Av = 


5-82 


Z 4 

7lH(l + 1)* 


An analogous result is obtained for penetrating orbits, due account 
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being taken of the degree of screening at the different parts of the 
orbit. 

Summing up, we may say that the theory that the observed splitting 
of the energy levels is due to electron spin gives a satisfactory explana- 
tion of the observed facts, in particular of the non-splitting of the 
S-terms for which l — 0. The calculated energy differences are in good 
agreement with the experimental values, both for the alkali energy 
levels with different l and n and also in a general way with the spark 
spectra of other systems with alkali-like electronic configurations. 

For example, the splitting of the 3 p energy level rises from 17*18 to 1889*5 
cm." 1 as we pass through the series Na, Mg + , Al 2+ , Si 3 "*", P 4+ , S 5+ , Cl 6- *". This 
corresponds to effective nuclear charges which are in very good agreement with 
expectation. 

The results obtained for H and He + are also in accord with experiment. In 
this case it is found that the term -splitting effects, due on the one hand to the 
mass-variahility of the electron and on the other hand to electron spin, lead to 
the coincidence of certain levels, e.g. the 2s state with j =* J and the 2p state 
with j = J. 

The observed separations in the Palmer series are of the order of 0*3 cm." 1 , 
which is in agreement with the result of calculation, due account being taken 
of the fine structure (splitting) of the levels with n = 3, &c. 

Behaviour in a Magnetic Field. — According to what has been said 
above, the atom may be regarded as a very complicated system of 
circulating electric charges, the different elements of which perform 
precessional motions around one another. It is clear that the behaviour 
of the whole system in an external magnetic field, where we shall have 
in addition precessional motions about the field direction, can hardly 
be treated in terms of the model, even though we adopt the simplified 
Bohr model. Fortunately it is found in most cases to be sufficient 
merely to know the quantum numbers mentioned above (p. 315) and 
to take account of the vectorial properties of the quantities with which 
they are associated. 

The effect of an external magnetic field is determined principally 
by the field strength, as compared with the strength of the field pro- 
duced in the interior of the atom by the motions of the constituent 
charges themselves. The precessional velocity is proportional to the 
field strength producing it. Consequently, if the external field strength 
is small in, comparison with the internal, the precession of / and 
around one another will be much faster than the precession around the 
direction of the external field. In this case there is still a physical 
significance in compounding l and to give the resultant angular 
momentum vector j\ and then considering the precession of J around 
the field direction. 

If, on the other hand, the external field strength is large in comparison 
with the internal, then both / and precess very rapidly around the 
field direction and have to be considered independently. It is possible 
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to decide in the following way which of these two states of affairs is 
realized in a given case. The frequency of precession is given directly 
by the frequency difference between the energy levels with and without 
the field. The doublet separation gives directly the frequency of 
precession of l and x* around j. If the application of the external 
field causes a splitting of the energy levels (p. 203) which is small 
compared with the doublet separation in the absence of the field, 
then we have the first state of affairs referred to above: the behaviour 
in presence of the field can be interpreted as due to the precession of 
j around the field direction. This is the so-called (anomalous) Zeeman 
effect. If, on the other hand, the applied field is so strong that the 
splitting it causes is large compared with the field-free doublet separa- 
tion, then the vector jp loses its physical significance and it is necessary 
to consider the behaviour of / and ^ separately. This is the Paschen- 
Back effect. These two states of affairs are, of course, limiting cases. 
In between them lie intermediate sets of conditions which participate 
to some extent in the characteristics of both extremes. 

We shall first consider the case of weak external magnetic fields 
(Zeeman effect). The magnetic behaviour of the atom is determined 
by its magnetic moment. According to p. 208, the magnetic moment 
associated with the orbital motion is Z/z 0 , where p 0 stands for the 
magneton eh/i^mc). The magnetic moment jj, e possessed by the electron 
on account of its spin is one magneton. Since s = -J, we may write 
/jL e = 2 Sfji 0 . Thus the ratio of magnetic moment to angular momentum 
Is twice as great for the spin of the electron as for its orbital motion 
(see p. 209). (Por reference to this in connexion with the experiments 
of Barnett and Einstein and de Haas, see Yol. Ill, p. 446.) The total 
magnetic moment of the atom (assumed to be a one-electron or alkali- 
like system) is obtained by combination of the orbital moment and 
the spin moment. Both of these, however, precess around j. We may 
resolve the individual moments into components in the direction of j 
and at right angles to this direction. Because of the precession of 
/ or «s around the components at right angles to j rotate around j 
and continually alter their directions. Hence their time average is 
zero (provided there is no external field or only a weak external field). 
If j 7 were produced simply by a circulatory current, the total magnetic 
moment would be jfx 0 . Owing to the contribution of the spin and the 
consequent precessional motions, however, the total magnetic moment 
is jgfJL 0 * This is equal to the sum of the resolved parts of the com- 
ponent moments in the direction of j , i.e. we have 

jgp o = \J eos (£ j) + 2 cos (s, /)] /x 0 . 


* The factor g is often referred to as La^de’s splitting factor, from La:vd:e, who 
discovered the correct formula for g empirically and gave a classical calculation leading 
to a similar result. 
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Inserting the values for the cosine terms (see p. 314), we obtain for g 
the value 

i , m + 1) + s ± + 1) - m + 1) 

^ ^ 2j(j + 1 ) 

Thus the atom may be regarded as a magnetic spinning top with 
the magnetic moment jg /x 0 and the mechanical angular momentum 

j The factor g may be greater than unity, since the magnetic 

2s7T 

moment of the spinning electron is twice as great as that for a circu- 
latory current of the same mechanical angular momentum. 

We can now at once understand the behaviour of the silver atoms in the 
Stern- G erlach experiment (p. 207). The silver atom has an alkali-like structure 
(pp. 4 and 342). As for all alkali-like atoms, the ground state has l — 0 (i.e. the 
lowest term is an S-term), and therefore j has the value -J. Consequently we must 
expect the orientations in the magnetic field to be as shown in fig. 63, p. 205, for 
half -integral J- values. The experimentally- observed splitting into two in the 
magnetic field (see figs. 65 and 66, p. 207) and the complete absence of a trace 
corresponding to imdeflected atoms are well explained by the above argument. 
The measured value of the magnetic moment (one magneton) indicates that we 
must indeed ascribe this value to the electron spin. 

As explained on p. 203, the number of possible orientations of the 
vector j in the magnetic field is finite and equal to (2 j +1). We will 
characterize by the so-called magnetic quantum number m the pro- 
jection of the vector j on the direction of the applied field. The pre- 
cessional energy (calculated in the way described on p. 204) is then 

W m = mgg^H. = mgLi. 

Here L = /u, 0 H is called the Lohentz unit. This theory is successful in 
accounting very exactly for the observed Zeeman effects of the alkalis. 
It makes it clear why the so-called normal triplet splitting is not found 
with these atoms (see fig. 20, p. 319). 

The Pasehen-Back Effect. — When the external magnetic field is 
made very strong, each of the vectors / and separately takes up 
certain possible orientations relative to the field direction. In the case 
of there are two possible orientations, characterized by the quantum 
numbers m s = In- the case of l there are (21 + 1) possible orienta- 

tions, characterized by the quantum number m z , which may have any 
integral value from — Z to -f-Z, Since the ratio of magnetic moment 
to angular momentum is twice as great for s as for Z, the precessional 
velocity of ^ is twice as great as that of /. 

The different energy states of the atom are here given by the sums 
of the magnetic energies and the energy of interaction of and /. 
The former are W w s = 2m s fju^cL and W m l = m z /x 0 H. The latter is of 
the form given on p. 313, but in consequence of the separate precessions 
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of / and s around the field direction the average value of eos(/, 4 ?) 
is equal to cos(/ 3 H) cos(.s, H), so that Is cos (/ 3 s) — m z m & . The total 



Fig- 19. — Splitting of the D lines of sodium by an applied magnetic field 
On the left, no field; centre, weak field. On the right, strong field. 


energy of the atom (relative to the energy in the absence of an applied 
field) may therefore "be written W PB = (m z + 2m s + 
amim s )jjL 0 H. The subscript PB stands for Pas- 
chen-Back. Thus in strong fields the energy levels 
are quite different from those in weak fields. 

Hence the splitting patterns of the spectral lines 
are different in the two cases; for the lines are 
due to transitions between the energy levels (see 
figs. 19 and 20). As indicated in fig. 19, a gradual 
change-over from the one type of pattern to the 
other can be achieved by gradually increasing the 
strength of the applied field L 

An important point is that the principal quan- 
tum number n , being a scalar, does not occur in 
the formulae for the influence of the field. Hence 
it follows that the type of Zeeman effect must be 
the same for all the lines of a series. This furnishes very valuable 
assistance in the search for series relationships. It is also important 
that the number of energy levels is the same (namely 41 -f- 2) for 


Fig. 20. — Splitting 
of the D lines of 
sodium in a weak 
magnetic field. 

[From Back-Lande, 
Zeeman-lEffekt (Sprin- 
ger, Berlin).] 



320 SPECTRAL LINES AND STRUCTURE OF ATOMS 

weak and strong fields. This can easily be seen by working out the 
possibilities. 

7. Possible Atomic States* Selection Rules 

Designation of Atomic States. — The quantum numbers n , Z, j and 
m, hitherto used refer to the states of a single electron. In designating 
the state of the electron it is customary to use, instead of the number l, 
the corresponding letter s, -p, d, <fcc., ascribed to the Z~ value in accordance 
with the scheme given on p. 311. Thus, for example, 4 d denotes an 
electron state in which the electron moves in an orbit with principal 
quantum number n = 4 and with an orbital angular momentum corre- 
sponding to l— 2, i.e. | / | = \/2(2 +1) In the case of atoms 

with only one electron, the state of the whole atom is thereby defined; 
if the one electron has the quantum numbers j and l , the total and 
orbital angular momenta of the whole atom have values corresponding 
to these numbers respectively. 

In the case of atoms with more than one electron the total and 
orbital angular momenta of the whole atom are quite different from 
those of the individual electrons, for the contributions of these electrons 
may combine together in quite different ways according to the par- 
ticular electronic configuration. It therefore becomes necessary to 
distinguish between those quantities which apply to the whole atom 
and those which apply to the individual electrons. It is customary to 
use capital letters to denote the quantities describing the atom as a whole.* 
Thus the term symbol F denotes an atomic state in which the vector 
sum of all the orbital angular momenta of the individual electrons is 

given by |L| = -\/3(3 + 1) i.e. in which the total orbital quantum 
number is L = 3. * 7T 

All that we have to do, therefore, is to replace the small letters 
used for atoms with one electron by capital letters. It is further 
customary to denote the multiplicity of a state by the appropriate 
number written as a superscript in front of the letter indicating the 
value of L. This is done even for S-states (which according to p. 312 
are all single), in order to make their membership of a certain mult.iplet 
system of terms clear. For with atoms having more than one electron 
there are several systems with different term multiplicities; for example, 
the alkaline earths (fig. 4, p. 283) have a singlet system and a triplet 
system. Then the total angular momentum quantum number is written 

* According to this convention, the vector sum of the spin angular momentum 
vectors of the individual vectors would he described by a quantum number S. In order 
to prevent confusion with the term symbol S (denoting a term with total orbital angular 
momentum number L = 0), the total spin number is denoted in this book by the 
symbol S. 
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as a subscript after the main term symbol. For instance, 2 P, { which 
is read: doublet P three-halves) denotes an atomic state belonging to 
a doublet system (this is connected with the orientation of the spin 
vectors (p. 312)), the vector sum of the individual orbital angular 
momenta having the quantum number L = 1 (since the state is 
a P-state), and the total angular momentum having the quantum 
number §. 

In the alkali metal atoms (and in alkali-like atoms) the state of 
the atom as a whole is determined by the state of the single valency 
electron only. 

The total orbital angular momentum of a complete shell, such as is found in 
the inert gases, is in the ground state given by L = 0. As will be shown later 
(p. 333), the spin vectors of the individual electrons orient themselves in such 
a way that the total angular momentum is also given by J — 0. Hence the 
ground state of the Na atom must be a 4 2 S* state; for the term diagram shows 
that the lowest level of the valency electron is 4s. The orbital angular momen- 
tum is zero, because that of the atomic core is zero and that of the valency electron 
in its 5-state ( l = 0) is also zero (p. 311). The total angular momentum quantum 
number, which here is due only to the spin of the valency electron, is J == 4. 
The term belongs to a doublet system. 

Table XXIV gives the possible excited states which can be assumed by an 
atom with one electron (or by an alkali-like atom), inclusive of the various possible 
spatial orientations relative to an applied magnetic field of not too great strength. 

Selection Rules. — On several previous occasions (e.g. pp. 19fi and 
285) it has been remarked that under ordinary conditions of excitation 
all the conceivable combinations of energy levels do not appear as 
spectral lines, i.e. that transitions from one energy level to every other 
energy level by absorption or emission of radiation are not possible. 
It is found that the transitions which are possible are determined by 
quite simple selection rules involving the quantum nu m bers which 
characterize the states in question. The following rules for one-electron 
or alkali-like systems may be derived from the experimental data: 

1. The change of the principal quantum number n is not subject 
to any restriction, but the probability of a transition from the state 
n 2 to the state n x becomes smaller with increase of An = ?i 2 — n ± . 
This is an expression of the fact that the intensity of the lines of a series 
falls off progressively as we pass towards higher members of the series. 

2. As regards the change of the orbital angular momentum quan- 
tum number l 9 only those lines are observed for which l changes by 
+ 1 or — 1, i.e. Al— +1. Thus under normal conditions (absence of 
strong external fields) an atomic state characterized in the wave- 
mechanical model by a certain wave function can only pass over into 
a state characterized by a wave function with the next proper value. 

3. Only those lines are observed for which the total angular mo- 
mentum quantum number j either does not change or changes by 
+ 1 or — 1. If the initial state has j = 0, then the transition to a final 

( e 957 ) 22 
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state having j — 0 is forbidden. The selection rules may here be 
written A j == 0 or +1; 0 ->• 0 forbidden, 

4. Only those lines are observed for which the magnetic quantum 
number m either does not change or changes by -f-1 or — 1, i.e. A m — 0 
or +1. 

5. In the presence of very strong magnetic fields, the magnetic 
quantum number of the orbital angular momentum either does not 
change or changes by +1 or — 1, i.e. Am* = 0 or H-l. The magnetic 
quantum number of the spin in general remains unchanged, i.e. 
A m s — 0. 

These selection rules furnish extremely important assistance in the 
allocation of observed spectral series to the proper quantum numbers; 
for in complicated spectra it is a difficult matter to determine relation- 
ships between frequencies of series limits, &c. ? such as hold for the 
alkali spectra. Eor the extension of the rules to atoms with more 
than one electron, see p. 330. It is important to note that transitions 
which contravene the rules are sometimes observed; but the intensities 
of such lines are usually very small in comparison with the normal 
lines. 

Feeble lines of this kind, which contravene the selection rules, are found 
particularly in absorption spectra under favourable conditions of observation. 
Further, the above selection rules also lose their strict validity in the presence 
of strong applied fields. Thus in intense electric fields lines can be observed 
for which A l — 2. As an example we may mention the series 2 a S — m 1 D and 
2 3 S — m 3 D observed by Stark under the influence of a strong electric field. 
On the other hand, the selection rule for j is not affected by strong electric fields, 
though in strong magnetic fields deviations are observable. 

Considerations of the kind put forward on p. 196 make it possible to 
understand in terms of Bohr’s correspondence principle why Al is normally 
not greater than 1; for the harmonics do not occur in the Fourier analysis of the 
orbital motion. The presence of external fields causes a non-uniform precession 
of the orbit, so that harmonics occur in the Fourier analysis and the observed 
transitions with Al > 1 under these circumstances become intelligible. The 
vector j has the property of being the axis around which the vector / (i.e. the 
axis of the orbital motion, in the Bohr model) processes. Since the precession of / 
around j is uniform, only the coefficients T 1 and — 1 occur in the Fourier analysis 
for the projection as seen in the direction of j\ In the projection on the direction 
ofj there is no periodic motion at all: the coefficients are zero. The three corre- 
sponding transitions are therefore Aj — 0, -4-1. Since the precession is disturbed 
by strong magnetic fields, values of Aj corresponding to harmonics are in these 
, circumstances possible. 

Analogous considerations also hold (see p. 205) for the magnetic quantum 
numbers. 

The selection rule for the total angular momentum can also be derived from 
consideration of the interaction between the radiation and the atom, if we 
make use of the fact that the angular momentum must be conserved for the 
whole system, atom -f- radiation field. Examples of the fulfilment of the selection 
rules may be sought in the term diagrams, e.g in figs. 3—7 (pp. 281 to 2SS). 
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8. Atoms with More than One Electron 

The purpose of a model of an atom with more than one electron is 
clearly to account for the behaviour of the whole atom in terms of 
the individual electrons — the arrangement of their orbits or their 
charge distribution, their number, the directions of their spins and the 
interactions of the various quantities associated with them. Since even 
for one electron the various precessional motions make the conditions 
very complicated, a direct representation of the motions in atoms of 
complex structure is impracticable, even though the simplified Bohr 
model is adopted. However, the vector model still allows of deductions 
(at least so far as the multiplicities of the atomic states are concerned) 
which lead to a consistent explanation of the observed properties 
(spectral lines, spectral behaviour in a magnetic field, magnetic pro- 
perties, chemical properties, &c.). 

Systems with Two Electrons. — First of all we shall consider a 
system with two valency electrons, e.g. the helium atom or (as we 
explained above) an alkaline earth atom such as calcium. What 
multiplicities of the electronic configuration are possible? Take first 
the mean distance from the nucleus, i.e. the principal quantum number. 
In the ground state the electrons occupy orbits with the smallest 
possible quantum number n. In each of the two cases quoted as 
examples above the chemical properties and position in the periodic 
table indicate that the two electrons are practically equivalent, so that 
in He both have n = 1 and in Ca both have n — 3. What happens 
when the atom is excited? Do both the electrons take up energy and 
move in orbits of higher n, or is the excitation energy always concen- 
trated on one electron? As will be appreciated from the subsequent 
discussion, consideration of the spectra shows that in general (even in 
still more complicated atoms) the energy given out or taken in in a 
transition is emitted or absorbed by one electron only, i.e. only one 
electron changes its state in the process giving rise to a spectral line. 
Cases do, however, occur (actually observed for the alkaline earths) 
in which both electrons change their states simultaneously, so that 
the hv value of the emitted line is the sum of the energy changes of 
the two electrons, i.e. the energy change of the whole atom. Excitation 
of the atom by stages gives every possible state of simultaneous excita- 
tion of both electrons, except for one special restriction which will 
be discussed on p. 333. 

Bearing this restriction in mind, we consider two electrons occupy- 
ing orbits with different principal quantum numbers n> Suppose that 
both the orbits have l — 0: or in other words (introducing the nomen- 
clature used for the alkali spectra), suppose that both electrons are in 
5-states (so-called 5-electrons). What are the possible arrangements? 
Since both orbits are without angular momentum, all mutual orienta- 
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tions of the orbits are equivalent. We are left with the possibilities of 
orientation of the spin vectors. In the case under consideration the 
total angular momentum is due entirely to the spins: we have s x == s 2 = 
and j must be either 1 or 0. In the simple vector model the value j — 1 
corresponds to similarly directed spins, the value j — 0 to oppositely 
directed spins (see fig. 21a). Thus only two atomic states are to be 
expected. 

Note . — The wave-meehanical value of the magnitude of the spin vector is 

I s 1 = ^ s{s -f- 1) -- instead of s A- (compare p. 314). Hence the composition 
Ztc 2tc 

of similarly directed or “ parallel ” spins is in reality as shown in fig. 216 instead 
of as shown in fig. 21 a. However, we adopt the 
convention of symbols explained on p. 314 and 
for simplicity describe the system in terms of 

7b 

fig. 21a, using [,s| = .s- — This symbolic re- 
2tu 

presentation may be interpreted at any stage 
by inserting the wave-mechanical values. 

We now consider a system in which 
only one electron is in an 5-state (i.e. 
l x — 0) ? the other being in a state with 
some other Z- value. The atomic state 
is thus characterized by $ l7 l x — 0 5 s 2 , and 
Z 2 . Before we can decide about the pos- 
sibilities we must inquire into the nature 
of the interactions between the different vectors. Must we take account 
(as in the one-electron system) of the coupling between the orbital and 
spin angular momenta of the second electron, neglecting the effect of 
the first electron? Or is the coupling between the two spins the pre- 
dominant factor? A decision between these alternatives can be obtained 
from the spectra of atoms with two valency electrons. For this purpose 
we consider the difference in energy between corresponding states with 
different term multiplicities. If this difference is smaller than (or at 
most of the same order as) the difference due to reversal of spin relative 
to orbital angular momentum (e.g. the difference between the sodium 
D lines), then the first alternative is realized. If, on the other hand, 
the difference is larger than that due to reversal of spin relative to 
orbital angular momentum (see the formula, p. 315), then the second 
alternative is realized, i.e. the coupling between the spins of the two 
electrons is stronger than the coupling between the spin and the 
orbital motion of the second electron. Actually the positions of the 
terms of helium (fig. 6, p. 286) show that this latter state of affairs is 
the true one (see below). Thus the spin of the first electron has an 
effect upon the second like the Paschex-Back effect observed in a 
very strong magnetic field: the spin vector s 2 behaves as if / 2 did not 
exist. The spin vectors s x and both process around the direction of 



spins of two electrons: 
a, when | v I — n; 


6, when, as according to 
wave-mechanics, 

\ v\ — V viv + i). 
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their resultant, which we will denote by S and call the resultant spin 
vector of the atom. The corresponding quantum number will be 
written S (see footnote to p. 320). 

Adopting the notation referred to on p. 320, we denote by capital 
letters all the quantities which refer to the atom as a whole. Thus the 
total angular momentum J of the atom is the resultant of the vectors 
L and S, which are themselves the resultant orbital and spin angular 
momenta respectively of the whole atom. In the particular case at 
present under discussion L = l 2 . 

In a two-electron system 2 may have either of the values 0 or 1 
(antiparallel or parallel spins). When the spins are antiparallel, there 
is in our case only one value of J, namely Z 2 . When the spins are parallel, 
J may have the values Z 2 + 1, Z 2 , and Z 2 — I- Hence we may expect 
a singlet and a triplet system. In helium the electronic configuration 
under discussion (i.e. l x — 0) is actually realized (for the proof of this 
— from the term relationships — see below), and a singlet and a triplet 
system are in fact observed (fig. 6, p. 286). The energy differences 
between corresponding levels (equal principal quantum number and 
equal orbital angular momenta) are, as may be seen from fig. 6, p. 286, 
much greater than the differ ences between the three components of a 
triplet term. This constitutes the experimental justification for the 
above assumption of a very strong coupling of the two spins. 

This strong coupling cannot be explained by classical considerations; 
at most an effect of the same order as the coupling of spin and orbital 
angular momentum would be expected. The real reason lies in the 
wave-mechanical resonance mentioned on p. 274. The conditions 
outlined above for helium formed the experimental clue by which 
Heisenberg was led to the discovery of the phenomenon of wave- 
mechanical resonance. 

When the two electrons have the l values l x and Z 2 , these combine 
to give a resultant L whose value may range from | l x — Z 2 | to l x + Z 2 . 
The resultant spin number S may again be either 0 or I For S = 0 
we have J = L, i.e. all the L-states are single. For S = 1 we have 
J = L + 1, L or L — 1, i.e. the L-states are triple, except when 
L = 0 (S-state); for if L = 0 the spin S can have no special orientation 
and J = Of course since J is the total angular momentum of the 
atom, its value must be either positive or zero. 

We may now briefly consider the possible states which may arise 
when two electrons are present. Take, for example, the case where 
one electron is a ^-electron (l x = 1) and the other is a dJ-electron (Z 2 = 2). 
In the first place we have to distinguish between two sorts of states, 
singlet and triplet. These correspond respectively to antiparallel and 
parallel electron spins. Consider first the singlet states, for which 
S = 0. If the orbital circulation of the ^-electron is exactly opposed 
to that of the ^-electron, we have L = 3 — 2=1. Since S = 0, 
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J = 1. The atom is in a *P t (singlet-P-one) state. If the two orbital 
angular momentum vectors are so inclined to one another that L = 2, 
we have -J = 2, and the state is -KDg. If the two orbital angular momen- 
tum vectors are parallel (for the wave-mechanical meaning of ££ parallel ” 
see fig. 216, p. 325), we have L = 2 -j- 1 = 3, J = 3, and the state 
is ^ 3 * 

Now consider the states with parallel spins, for which S = 1. Take 
the case where the orbital angular momenta are antiparallel, i.e. 
L = 3 — 2 = 1, There are now three possibilities: the resultant spin 
vector may combine with L to give J = 0, 1, or 2. The first of these 
possibilities is realized when the resultant spin vector is antiparallel 
to L, i.e. in the Rohr model when the spins of both electrons are anti- 
parallel to the orbital angular momentum of tbe <£-electron. This 
gives one of the three components of a triplet state, namely 3 P 0 . The 
second component (J = 1) is denoted by The thir d component 

(J = 2) is realized when the resultant spin vector is parallel to It, i.e. 
in the Bohe model when the spins of both electrons are parallel to the 
orbital angular momentum of the d-electron. This component is 3 P 2 . 
Similar considerations hold for other values of L. If the two orbital 
angular momenta are so inclined as to give L = 2, we get three D-states, 
viz. 3 D 1? 3 D 2 , and 3 D 3 . Finally, if the two orbital angular momenta are 
parallel (L = 3), we get three F-states, namely, 3 F 2 , 3 F 3> and S F 4 . In 
the state 3 F 4 the two spins and the two orbital angular momenta are 
all parallel. For the energies of the different states see p. 330. 

The above symbols are not sufficient to determine the states of the 
atom completely, for they tell us nothing about the principal quantum 
numbers n of tbe electrons. These are quite unrestricted. Hence in 
order to describe a given excited state completely it is necessary to 
state the principal quantum number of each electron. This is done by 
writing the states of the individual electrons before the main symbol. 
Suppose that in the above example the ^-electron of the excited helium 
atom occupies an orbit with n = 2 and the ^-electron an orbit with 
n — 3. The 3 F 4 state is then written 2p . 3d . 3 F 4 . If two electrons 
have the same n , a superscript 2 is written after the letter denoting 
the Z-value. For example, two electrons with n = 1 and l = 0 would 
be written Is 2 . 

Using the symbol (A) to denote the 18 electrons forming the 
completed shells of argon, the symbol for the ground state of Ca 
(20 electrons) may be written (A) . 4s 2 . ^-Sq. 

Atoms with More than Two Valency Electrons. — We simply have to 
extend the scheme given above for two electrons. Here again tbe 
most important question is that of the interaction or coupling between 
the spins and orbital angular momenta of tbe different electrons. 
The majority of spectra hitherto investigated indicate, as in the two- 
electron case, a strong coupling between the individual spin vectors 
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on the one Land and between the individual orbital angular momen- 
tum vectors on the other hand. Hence the state of the atom may 
be characterized by a resultant spin vector S (corresponding quantum 
number E) and a resultant orbital angular momentum vector L (corre- 
sponding quantum number L) which combine to give a total angular 
momentum J (corresponding quantum number J). This type of 
interaction, called Russell- Saunders coupling, may be symbolized thus: 
{(^1, ^ (A, h ***)}= (S, L) = J. 

Under certain circumstances, however, the coupling between the 
spins of the electrons and their orbital angular momenta may even 
be stronger than that between the spins themselves. In the extreme 
case the individual electrons behave as if there were no mutual inter- 
action between them. If this is so, each electron may be considered 
separately (as on p. 312 for a single electron), and its contribution^ to 
the total angular momentum may be obtained by combination of its 
individual Si and The vector sum of all these individual contri- 
butions ji then gives the total angular momentum J. This may be 
symbolized thus: {(« l5 /,), (s 2 , l 2 ), (s 3 , l a ) - . = (j\, j z j 3 , . . .) = J, 

and the phenomenon is called ^-coupling. It occurs, for example, in 
connexion with X-ray spectra and the spectra of the heavier atoms. 
The two types of coupling mentioned above are limiting types, between 
which the whole range of intermediate types may occur. Except in 
the extreme cases, however, the treatment of the problem is very 
difficult. 

9. Term Multiplicities 

The empirical facts of the doublet nature of all the terms (except 
the S-terms) of alkali-like systems and of the singlet and triplet nature 
of all the terms (in the latter case, with the exception of the S-terms) 
of the alkaline earth atoms are explained as due to the different possible 
orientations of electron spin, either relative to orbital angnlar momen- 
tum or to another electron spin. According to this explanation, each 
energy level of given orbital angular momentum is split up into a 
number of multiplet components equal to the number of possible 
orientations. This number is referred to as the multiplicity of the term . 
In general the resultant spin quantum number E can have the values 

S ( + si). For three electrons, for example, we have i or §; for four 
£ 

electrons, E = 0, 1, or 2. If S = 2, there are five possible orientations 
giving integral values of J for each value of L > 2. * Hence each of the 
terms with L > 2 is split np into five components of slightly differing 
energies: we have a so-called quintet term. Even for complicated 
atoms the S-states must always he single; for here L = 0 and the 
total angular momentum of the atom is due entirely to the resultant 
of the spins, for which all orientations are equivalent. By investigating 
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a few examples it is easily seen that in general J can have all values 
from j L — 2 | up to | L -j- 2 | , successive J- values differing of course 
by unity. It is also easily seen that the maximum multiplicity r for a 
given value of 2 is r = 22 + 1. This maximum multiplicity is included 
in the term symbol even for those terms whose L-vahies do not permit 
of the attainment of the maximum (see the remark on the S -terms, 
p. 320). Tor example, in a quintet system (2 = 2) the 5 S 2 term is 
single and the 5 P term only triple ( 5 P l5 5 P 2 , 5 P 3 ). Not until 5 D do the 
terms actually become quintets. The reader is recommended to 
practice applying these ideas by working out examples in detail, draw- 
ing the vectors if necessary. Prom the multiplicity r which is always 
given in the symbol of a term it is always possible to deduce the 
resultant spin quantum number 2 from the relation 2 = §(r — 1). 

We see, therefore, that the occurrence of the doublet and quartet 
systems in the third group of the periodic table (compare Table XXI, 
p. 299) is due to the presence of the three valency electrons. For here 
the values of 2 are \ or §, whence r = 22 + 1 = 2 or 4. In general 
the above relationships show that an even number of valency electrons 
corresponds to an odd term multiplicity and an odd number of valency 
electrons corresponds to an even term multiplicity. Moreover, it 
follows that the term multiplicities of the successive spark spectra of 
a given element must show an alternation between odd and even, 
because one valency electron is lost on passing from each stage of 
ionization to the next. Table XXY gives the multiplicities actually 
observed in the successive stages of ionization of chlorine. 

Table XXV. — Term Muxtiplicities ix the Successive 
Spark Spectra op Chlorixe 


Ion 

Cl 6 + 

Cl 5 + 

Cl 4 + 

C1+++- 


01+ 

Number of \ 
Electrons i 

11 = 2 + 8 H- 1 

12 

13 

14 

15 

16 

Multiplicity 

doublet 

singlet 

triplet 

doublet 

quartet 

singlet ! 

triplet 

doublet 

quartet 

singlet | 

triplet j 

1 i 


Here we cannot discuss in full how the theory accounts for even the 
finest details of the splitting of lines in magnetic fields and of the 
multiplet structure of lines. This will become evident from the examples 
which will be encountered from time to time. It may he remarked 
here that, though the energy state of an atom is uniquely determined 
by the arrangement of the spins and orbital motions of all its electrons, 
yet in complicated cases it is not possible to deduce this arrangement 
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uniquely from the knowledge of the energy state. Thus, for example, 
for Gd +++ there are ten possible arrangements of the vectors which 
may give a 2 F term! 

Selection Rules. — The rules given on p. 321 for one electron still 
hold good for the corresponding quantum numbers L, 2, and J of a 
system with more than one electron. Since, however, two electrons 
may take part simultaneously in a process which gives rise to a spectrum 
line, the case AL = 0 is possible in addition to AL = +1. When two 
electrons are involved in this way, Al x = +1 for the first and (as was 
shown by Heisenberg) AZ 2 = 0 or +2 for the second. Usually 2 does 
not change in a spontaneous transition. This corresponds to the fact, 
already mentioned on p. 285, that transitions between singlet and 
triplet systems (and the like) occur very seldom. If, however, the inter- 
action between S and L is large (as is the case, for example, in the more 
complicated atoms), then changes of 2 may occur. Thus in the case of 
Hg (see the term diagram on p. 284) these transitions between terms 
belonging to systems of different multiplicities are very frequent and 
the corresponding spectrum lines are fairly intense. 

Relative Positions of the Terms. — -As regards the relative positions 
of the terms for a given set of values of n and Z, a good general idea 
can be obtained in many cases with the help of the following rules, 
which were discovered by Slater and Htxnd: 

1. The more nearly similar the spin directions, the lower is the term 
(i.e. the energy) of the atom. Thus the terms of higher multiplicity He 
lower than the corresponding terms of lower multiplicity. (See, for 
example, figs. 4 and 5, pp. 283 and 284.) 

2. The more nearly similar the directions of the orbital angular 
momentum vectors, the lower is the term of the atom. Thus amongst 
the terms of a given multiplicity, those with larger L usually lie lower 
than those with smaller L (see fig. 3, p. 281, and fig. 7, p. 288). In 
this connexion it must be remembered that the rule only applies to 
terms with the same electronic configuration as regards n and Z. The 
rule does not hold for helium, as is seen from fig. 6, p. 286. 

3. The more nearly similar the directions of the spin and orbital 
angular momentum vectors, the higher is the term of the atom. Thus 
terms with smaller J lie lower than those with larger J. This rule does 
not hold, however, unless the outermost electron group is less than 
half completed (see p. 333). Otherwise the rule is reversed and the 
term positions are said to be inverted . Inversion is met with in X-ray 
spectra. 

10* The Pauli Exclusion Principle 

The properties of helium show that both its electrons are in the Is 
state, so that the formula (ground state) is Is 2, . S. The S-term would 
be expected to have two values, according as the spins of the two 
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electrons are parallel or anti para! lei; and the two values should not 
lie very far apart. Inspection of the term diagram shows, however, 
that there is only one S-term in the neighbourhood of the ground 
state. This is the term, corresponding to the electronic configura- 
tion in which the two spins are antiparallel. The configuration in 
which the spins are parallel does not exist. A similar state of affairs is 
found in other cases. Considerations of this kind led to the formulation 
of an empirical rule — the so-called exclusion principle (Pauli, 1925) 
— -which has proved extremely fruitful. The exclusion principle (also 
called the Pauli principle) may be expressed as follows: 

It is impossible for two electrons in an atom to be identical as regards 
all their quantum numbers. 

The application of this principle requires a certain amount of consideration. 
In most cases the coupling between the electrons is so strong that only the quantum 
numbers n and l can be ascribed to the individual electrons, the state of the atom 
as a whole being characterized by L and J. In order to bring out the individuality 
of the electrons, it is necessary to imagine such a strong magnetic field applied 
to the system that (in accordance with p. 318) the coupling between the electrons 
is overcome. The state of any particular electron can then be described by the 
quantum numbers n, Z, 'm l> and If the coupling between spin and orbital 

angular momentum is not overcome, the numbers n y l, j , and m must be used. 

The non-existence of the 1 3 S state of orthohelium can accordingly 
be explained as follows. If n = 1 and l — 0, then in a strong field the 
only possible value of m z is zero; but m s can have the values +4. 
Thus there are only two possible sets of the four quantum numbers 
when n = 1 and l — 0. Hence with two electrons there can only be 
one possible atomic state, namely, that in which one electron has one 
of the sets of numbers and the other has the other set. The two 
electrons are then respectively characterized as follows: (1) n — 1, 

Z — 0, m z = 0, m s = +-|, and (2) n= 1, l — 0, m l — 0, m s = — 4. 
The two spins are antiparallel- 3STo other state of the atom is 
possible for n = 1 and l — 0; for parallel spins are excluded by the 
Pauli principle. 

Further, it is clear that two is the maximum number of electrons 
with n = 1, l — 0 which the atom can have; for a greater number 
would mean that two (or more) would necessarily be identical as 
regards all their quantum numbers, which would violate the Pauli 
principle. The whole periodic table and with it the whole of the chemical 
relationships of the elements follow from considerations of this kind 
(see p. 334 et seq.). Table XXVI gives the possible states for different 
values of n and l up to n — 4. This table gives the same number of 
possible states as Table XXIV (p. 322), in accordance with the fact 
(p. 319) that the number of energy levels is the same in a weak magnetic 
held as in a strong magnetic field and therefore does not depend upon 
the nature of the coupling. 
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Limitation of Term Multiplicity by the Exclusion Principle. — In 

consequence of the exclusion principle, the multiplicity of terms cannot 
always attain the maximum which would otherwise be expected from 
the number of electrons involved. Let us take the case of an atom 
with six electrons in the L-shell (i.e. n = 2). At first sight we should 
expect that the maximum term multiplicity r would be 7, for if all 
the six spins were similarly directed we should have X = 3 and there- 
fore r = 2X +1 = 7. This arrangement of spins, however, cannot 
occur. Reference to Table XXVI shows that in the L-shell (n — 2} 
only four electrons can have similarly directed spins (same sign of m s ). 
Hence two of the six electrons must necessarily have their spins directed 
oppositely to the other four. The maximum value of X is therefore 
(4x i — 2 X -J-) = 1, from which it follows that the maximum term 
multiplicity is r — 2S +1=3. This is in agreement with observation: 
the highest term multiplicity is triplet. We easily see that the term 
multiplicity only rises to the point at which the number of electrons 
just half fills the group in question. Thereafter, further increase of the 
number of electrons causes S to decrease until the value X = 0 is 
reached for each completed group and the term multiplicity in the 
ground state becomes singlet. Thus as a group is gradually filled by 
addition of successive electrons, the term multiplicity first rises and 
then falls, the variations being symmetrical with respect to the middle 
of the group. Hence in the first half of the group we may regard the 
term multiplicity as depending on the number of places filled by 
electrons, and in the second half as depending in the same way on 
the number of places yet to be filled. This is connected also with the 
inversion of the terms in the second half of a group, i.e. the fact that 
here the lower terms correspond to higher J- values (p. 330), as in the 
case of X-ray spectra (p. 295). 

The quantum numbers n, l , j, and m may also be used in counting 
up the number of possible states. In accordance with Table XXIV* 
p. 322, the same results are obtained, but the sub-groups of the different 
shells come out differently (compare Table XXIV, p. 322, and Table 
XXVI, p. 332). Since (jj)-coupling probably holds in the inner shells 
of atoms, a subdivision of shells of the kind indicated in Table XXIV 
is to be expected in X-ray spectra. Actually the number of sub-groups 
in Table XXIV is identical (at least for the innermost shells Iv, L, M. 
and N) with the number of absorption edges, i.e, with the number of 
energy levels as given in fig. 11, p. 296. For a given value of n the 
number of possible l- values is n — 1. The number of possible m r values 
is 21 + 1 and the number of ?n 3 - values for each combination of n and 
m t is 2. Hence the total number of possible states is X(4Z + 2) for all 
values of l from l — 0 to l — n — 1. This gives 2 n' 2 . i.e. 2, 8, 18, 32, 
&c., for n — 1, 2, 3, 4, -&c., respectively (compare Table XXIV, p. 322, 
and Table XXVI, p. 332). 
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Now the numbers 2, 8, 18, 32 are the numbers of the elements in 
the various periods of the periodic table (Table I 3 p. 4). There can be 
no doubt that in the Pauli exclusion principle we possess the key to 
the periodic classification of the elements. 


D. The Periodic Classification of the Elements 

11. The Exclusion Principle and Shell -structure 

The shell-structure of atoms, which has already been discussed in 
Section B (p. 298 et seq .), can be accounted for by means of the ex- 
clusion principle. The maximum number of electrons with a given 
principal quantum number, i.e. in a given shell, is restricted in the 
way shown in Table XXIV (p. 322). If now each element is thought of 
as built up from the preceding element by the addition of one electron 
and the simultaneous increase of the nuclear charge by unity, the 
shells will be successively completed and periods of the lengths 2, 8, 
18, 32, <fcc., may be expected. Actually the first two periods have the 
expected lengths, but the third has a length of only 8 elements instead 
of the 18 anticipated. We infer that all the places in the M-shell 
(m = 3) are not filled in the course of the third period; and that the 
N-shell begins to be formed at potassium, even though ten places are 
still free in the M-shell. This must be due to the special energy relation- 
ships; for the most stable state is always that for which the potential 
energy is least. In order to follow this out in detail, we shall consider 
the structure of the periodic table more closely. 

In this we shall pursue a train of thought first developed by Bonn. 
In order to arrive at the structure of an atom, we may start by con- 
sidering the nucleus with just one electron and determining its ground 
state (possibly by spectroscopic methods). We may then think of the 
remaining electrons as added successively (the ground state being 
determined at each stage), until the neutral atom is finally built up. 

. In the case of Ca (Z = 20), for example, it would be necessary, in order 
to follow out this method, to know the properties of Ca 19+ . With the 
means at present at our disposal, however, we cannot get farther than 
the spark spectra of the 5-fold or 6-fold ionized atom. We are helped 
out of this difficulty by an empirical fact. Applied to the particular 
case of Ca, this is, that the structure of 19 of the 20 electrons is the 
same as the structure of the preceding element. The position taken 
up by the 20th electron can be easily deduced from the spectral 
properties of the neutral atom. The fact that the inner electron struc- 
ture remains unchanged follows, for example, from the rectilinear course 
of the Moseley diagrams of fig. 12 (p. 297), as was pointed out in that 
connexion. The above procedure is not permissible, however, in all 
cases. As we see from the changes of slope in the Moseley diagrams, 
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electrons are sometimes built into inner shells. In the neighbourhood 
of such places, which have been mentioned previously on p. 306, the 
above principle of building up the atom must be applied with caution, 
as we shall see below. Consideration of the higher spark spectra of 
elements preceding the element in question by several places in the 
periodic table leads to clear results in such difficult cases. 

Period I. — The first member (cf. Table XXVII, p. 336) is hydrogen. 
In accordance with all the facts which have been discussed in detail 
above, its formula is undoubtedly H : Is . 2 Sj. The hydrogen spectra 
do not show the splitting which has been discussed in the case of the 
alkali metals: the hydrogen energy levels are markedly degenerate. 
The fact that the separations are inappreciable is due to the very small 
energy of the rotation of the perihelion owing to the mass variability 
of the electron. The marked degeneracy (e.g. the coincidence of the 
terms and 2 2 P i? 3 2 S^ and 3 2 P i? &c.; also 3 2 P § and 3 2 D t ) is caused 
by the fact that the energy change due to electron spin is of exactly 
the same magnitude as that due to the mass variability of the electron. 

The second member of the period is helium. As was shown on p. 193, 
He + is certainly analogous to H, the single electron being in a Is-orbit. 
The addition of the second electron must (according to the discussion 
on p. 285) give rise to a singlet system and a triplet system (see fig. 6, 
p. 286). The ground state of the term system is a x S 0 -state. The second 
electron must therefore also occupy a Is- orbit. Hence the formula for 
the ground state is He : Is 2 . 13 0 . 

We have seen (p. 331) that the exclusion principle accounts for 
the fact that there is no term 1 3 S 1 corresponding to USo- In helium 
the two places of the K-shell (see Table XXIV, p. 322, n = 1) are both 
filled. The next electron added must necessarily take up an orbit of 
higher principal quantum number, i.e. it must enter a new shell. 

Period II. — The third element is lithium (Z = 3). The Li + spectrum 
shows the same relative positions of the energy levels as is found for 
He. Its ground state is therefore Li + : Is 2 . 1 S 0 . 

What state in the L-shell is occupied by the third electron in neutral 
Li? The term diagram shows, as for all the alkali metals, that the 
lowest level is 2 S^. Hence the third electron must be bound in a 2s-state. 
The ground state of Li may therefore be written Li : Is 2 . 2s . 2 S*. 

Beryllium (Z = 4). As shown on p. 311, the spectrum of Be 4- 
corresponds completely to that of Li, except for the displacement of 
all the energy levels and the consequent displacement of all the spectral 
lines to shorter wave-lengths owing to the increased nuclear charge. 
The terms of and C +++ exhibited in fig. 16. p. 311, also show 

the same arrangement: in particular the 2 2 S^ state is always the lowest. 
The electronic configuration of Li thus remains unchanged throughout 
all these elements, and there is no doubt that the arrangement of the 
first three electrons is the same for all the subsequent elements. The 
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Table XXVII — Continued 
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Table XXYII — Continued 
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2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

10 

2 

6 

2 

2 

3 f 2 


91 

Pa 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

10 

2 

6 

3 

2 

4 f 3 , 2 


92 

U 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

10 

2 

6 

5 

1 

7 S 


addition of a fourth electron to Be + gives neutral Be. Its spectrum 
can be ordered so as to give a singlet and a triplet system, in accordance 
with the possible orientations of the spins of the two outer electrons. 
In contrast to He, terms also occur which correspond to simultaneous 
excitation of both valency electrons. 

The ground state is a 1 S 0 -state. This is in agreement with the 
expected entry of the fourth electron into a 2s~state. The allocation 
is unique, in view of the fact that the corresponding triplet term 2 3 S X 
does not occur, being excluded for the same reason as that mentioned 
in connexion with He. 

Boron (Z = 5). As is proved by the ground term of the B spectrum, 
the fifth electron takes up a 2^?-orbit. The formula is therefore 

B : 1** . 2s 2 . 2 p . 2 P*. 
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We here have a P-term instead of an S-term as ground state. 
(We have previously met with the same thing in the ease of aluminium 
(fig. 7, p. 288), another trivalent element.) The reason in the present 
case is that the 2p-electron, which is the most loosely bound, can at 
most return to the 2p-state after excitation, because both the 2s-states 
are already occupied. The lowest available $ -state is the 3s-state, so 
that the S-series begin with n — 3. 

The filling up of the possible p-states takes place progressively up 
to neon (Z = 10), at which element the L-shell is completely filled with 
8 L-eleetrons. The whole shell has zero resultant angular momentum. 
This may be seen from Table XXVI, p. 332, by considering the possible 
vector orientations. It also follows from the spectrum, the lowest 
term of which is a ^-So-term in accordance with the arrangement 
Ne : Is 2 . 2s 2 . 2p 6 . 

Period III. — In this period the M-shell is built up in exactly the 
same way as the L-shell in Period II. At A (Z = 18) the sub-group 
3 p is completed, the ground term having the formula 

A : is 2 ‘ 2s 2 . 2 p G . 3s 2 . 3 p* . 

12. The Higher Periods 

Period IV. — If the process of shell-filling continued In a regular 
manner, the third period would go on after argon until the ten 
3d-states of the M-shell were filled. Instead of this an alkali metal, 
potassium , appears as the 19th element — an atom which, as is discussed 
in detail above, has an S-state as ground state. The last added electron 
must therefore be an 5-electron : it must occupy a 4s-state. This state 
must evidently be of lower energy than a 3eZ-state. In other words, 
a certain excitation energy must be expended in order to raise the 
electron from the 45-orbit into the 3d-orbit. Hence we must expect 
that in the spectrum of Iv the 3d-terms will lie above the 45-terms. 
As fig. 22 shows, this is in fact the case. 

The reason for this behaviour is not difficult to grasp. In the Bohr model a 
3^7- orbit is circular (p. 199), whereas a 4^-orbit is a very eccentric ellipse which 
penetrates into the atomic core. Hence it may well happen that the 4$- orbit, 
in which the electron (at least for a small part of the orbit) is under the influence 
of a relatively large effective nuclear charge, may represent a state of lower energy 
than the 3d- orbit, in which the electron never comes near the nucleus and is 
throughout under the influence of a screened nuclear charge of effective value 
unity. 

Consideration of the term diagram of A1 (Z = 13) — see fig. 7, p. 288 
— shows that the 3d-states lie higher than the 45-states even for this 
atom. (Here, of course, this does not lead to any complication as far 
as the ground state is concerned, because the op-states of very low energy 
are still unoccupied.) It is therefore quite intelligible, and indeed what 
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we may expect in the light of the discussion of the spectra, that when 
it comes to a choice between 4s- and 3d-states, the former will have 
the lower energy and will be taken up in the ground state. 



At this point it becomes questionable whether the configuration of 
the K atom should be assumed for the ion Ca+ of the next element, 
calcium (Z == 20); for the increase in the nuclear charge will cause 
a shrinking of the orbits, and it is not possible to say at once which 
state will have the lowest energy. However, the spectrum of Ca + 
(fig. 22) shows that here again the 45-state is the lowest. The 20th 
electron is likewise bound in a 45-orbit, as is to be expected from the 
analogy between the chemical properties of Ca and those of Mg, and 
as follows from the term diagram, which has a 1 S 0 -term as lowest 
term. 

Now what happens to the structure as we pass on to the next 
element, scandium (Z = 21)1 Comparison of the spectrum of Ca 4 * 
with that of K (fig. 22) shows that the 45-state has already moved 
very close to the 3d-state. To make sure, therefore, we make a further 
comparison with the spectrum of Sc ++ . As fig. 22 shows, the lowest 
term is found to be a 3$-term. Thus in Sc 4 " 1- the 19th electron is no 
longer (as in K) in a 45-orbit, but in a 3d-orbit, the position to be 
expected in a normal progressive filling of the M-shell. This holds also 
for the succeeding elements (see fig. 22), so that from scandium on- 
wards we must allot the 19th electron to a 3d-state. What state, then, 
does the 20th electron of scandium take up? Information on this 
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point can be derived from the spectrum of Sc + . Here experiment 
shows that the ground term is a 3 D-term, as is to be expected from 
the structure Sc + : (Ne) . 3s 2 . 3 p Q . 3d . 4s . 3 D. Thus the 20th electron 
takes up a 4s-orbit. What state is taken up by the 21st electron of 
scandium? The ground terms to be expected for the different con- 
ceivable states of this electron may be worked out. For example, if 
the 21st electron were to take up a 3<£-orbit, the ground state would 
be a 4 F-term; if the orbit taken up were a 4s-orbit, a 2 D-term would 
result, and so on. Experiment shows that the lowest term is in fact 
a 2 D-term. It follows that the ground state of scandium is 

Sc : (Ne) . 3s 2 . 3p* . 3d . 4s 2 . 2 D. 

The considerations given above for the 19th to the 21st electrons 
may be extended throughout the periodic table. In this way. making 
use of arc and spark spectra and also of the clues to irregularities of 
structure furnished by the Moseley diagrams, it is possible to deter- 
mine the electronic configuration for all the elements. A degree of 
uncertainty remains in some cases. For example, we do not know 
precisely how the electrons are distributed between the O- and P-shells 
in the ground state of the rare-earth atoms (Z = 57 to 71). Our know- 
ledge of the shell-structure of the elements in the ground states is 
summarized in Table XXVII (p. 336). 

The structure of the periods may be briefly discussed in the light 
of this table. The process of filling up the M-shell, which according 
to Table XXIV, p. 322 can have 10 electrons in 3d-states, is not 
completed until Cu (Z = 29). This is the first element to have a com- 
pletely filled M-shell. It has, in addition, a single electron in the 
N-shell, and this is the reason why copper may he univalent. Very 
near to this ground state, however, is a state with the configuration 
(A) . 3d 9 . 4s 2 . 2 D, in which there are two electrons in the N-shelL The 
energy difference between these two states Is only 0T5 electron-volt 
(= 1200 cm. -1 ). Hence this state also occurs in chemical reactions 
and copper may be divalent. 

We see that Ni, which has just the ten electrons necessary to fill 
the ^-states of the M-shell and so complete the shell, is not in fact an 
inert gas, because two of the electrons occupy 45-states, in which they 
are more tightly bound than they would be in the two missing 3^-states. 
After Cu the N-shell continues for a time to be built up in a regular 
fashion, the elements showing characteristic chemical properties 
similar to those of the corresponding elements in the preceding periods. 

Period V. — At Rb (Z = 37) the building up of the O-shell (n = 5) 
commences, in spite of the fact that the 4zd- and 4/-states are not yet- 
occupied. Thus here we encounter conditions which are quite similar 
to those already discussed for the elements X to Sc. Here again it is 
at a tri valent element, V (Z == 39), that the os- and the 4d-states become 
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practically equal in energy. Tins gives rise to the possibility of different 
configurations with only slightly differing energies. Hence small 
energy changes, in some cases even violent thermal agitation, can give 
rise to excited states not far removed from the ground state. The 
elements therefore exhibit a great variety of chemical properties and 
possess a number of different valencies. The 4^-group is completed 
at Pd (Z = 46). This element has the character of an inert gas in so far 
as its atoms contain only completed sub-groups. Its ground term is 
also 1 S 0 . This is in accord with its marked chemical inertness. The 
fact that Pd is not an inert gas is explained as follows. In contrast to 
the real inert gases, for which the first excited state lies very high 
above the ground state (see Table XXII, p. 301), Pd has energy levels 
lying quite close to the ground state. Amongst such states are those 
with the configurations (Kr) . 4 d 9 . 5s and 4 d 8 . 5s 2 , &c. Since these states 
are excited to an appreciable extent by thermal agitation, a certain 
chemical reactivity results and the inert-gas character is only feebly 
exhibited. 

From Ag (Z = 47) onwards the regular filling of the O-shell pro- 
ceeds, and we again obtain a series of elements with well-defined 
valencies and marked chemical similarity to those of Series II, III, 
and IV (Cu to Kx). The filling of the 5$- and 5p-groups is completed at 
the inert gas Xe (Z = 54). 

Period VI. — The 6s - orbits are so eccentric, and consequently pene- 
trate so deeply into the atomic core, that they now represent closer 
binding than the circular 4/-orbits. Although 4/*-states are still un- 
occupied (and likewise 5/- and 5^-states), the 55th electron takes up 
a 65 -state in Os (Z — 55), thus conferring upon this element the char- 
acter of an alkali metal. Then, just as for Sc, the competition of the 
5fZ-states makes itself felt in the trivalent element La (Z = 57). But 
before any more of these states can he filled, the 4/*-states begin to he 
filled (of which the maximum possible number is 14 (see Table XXVI, 
p. 332)). This may be concluded from spectroscopic evidence of the 
same kind as that given in fig. 22 , p. 340 for the 19th electron. The 
4f-states are successively filled without interruption in the series of 
14 elements (the so-called rare earths) from cerium to lutecium 
(Z = 58 to 71). Since the configuration of the outer electrons is 
the same (or practically the same) for all these 14 elements, they 
exhibit a very remarkable similarity in their chemical and physical 
properties. 

According to the exclusion principle, 14 is the maximum number 
of 4/-electrons. Hence the next electron added to form Hf (Z = 72) 
must take up a position nearer the outside of the atom. This element 
hafnium therefore cannot belong to the rare earths, but rather must 
bear a resemblance to Zr (Z = 40). 

At tlie time ■when Bohr first developed the ideas which form the basis of the 
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above treatment, i.e. in 1922, when the exclusion principle was not yet known, 
the element 72 had not been discovered. Up to that time it had been sought for 
amongst the rare earths. Bohr predicted that it should on the contrary resemble 
zirconium and ought therefore to be sought for in minerals containing this 
element. In the light of this prediction, the element 72 was actually discovered 
in the same year by Panetii and Hevesy. In honour of Bohr’s birthplace, 
Copenhagen, it was given the name hafnium .* It occurs mixed with zirconium 
in surprisingly large proportions, and most zirconium preparations contain 
appreciable quantities of hafnium. 


Table XXVIII. — Diagram of the Periodic System accorohstg to Bohr 



At Pt (Z — 78), whose outer electronic configuration is similar to 
that of Ni, the number of electrons necessary to fill the 5^-states 
completely is reached, though one of the electrons actually takes a 
65 -state. Then from Au (Z = 79) onwards the 6s- and 6 p-states are 
regularly filled, in spite of the fact that the 5f - and 5^-states remain 


From Hafnia , the old Latin name for Copenhagen. 
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Table XXIX. — Periodic Table 


I. 

1 H 

$ 

2 S 

2 He 
s* 








n. 

3 Li 

$ 

2 S 

4 Be 
s 2 








in. 

11 Na 

s 

2 S 

12 Mg 

*8 








IV. 

19 K 
s 

2 S 

20 Ca 
s 2 

21 Sc 
ds* 

2 D 

22 Ti 
ct?s 2 

3 F 

23 V 
d*s 2 

24 Cr 
d s s 

7 S 

25 Ma 
(Ps 2 

6 S 

26 Fe 
d G s 2 

27 Co 
d 7 s* 

V. 

37 Rb 
s 

2 S 

38 Sr 
s 2 

39 Y 
ds* 

2 r> 

40 Zr 
d 2 s 2 

S F 

41 Cb 
d** 

6 E> 

42 Mo 

d 5 s 

7 S 

43 Ma 

6 D 

44 Ru 

dPs 

45 Rh 
d*s 
*F 

VI. 

55 Cs 
s 

2 S 

56 Ba 

57 La 
f°ds 2 
2 D 

72 Hf 
/ 14 rf 2 $ 2 
3 F 

73 Ta 
(d?s 2 ) 

4 F 

74 W 
d*s 2 

75 Re 
(d*s 2 ) 

6 S 

76 Os 
(£V) 
5 D 

77 Ir 
(dW) 

VII. 

87 — 

2 S 

88 Ra 
s 2 

18 

89 Ac 
(*■) 

2 D 

1 90 Th 
(d 2 s*) 

3 F 

91 Pa 
(d*s 2 ) 

4p 

92 U 
(d*s) 

7 S 

i 






58 Ce 
/W 
3 H 

59 Pr 

f 2 ds- 

4 K 

60 Nd 
fW 

5 L 

61 11 
/W 

6 L 

62 Sm 
f 5 ds 2 
7 K 

63 Eu 
fW 

9 H 

64 Gd 
f 7 ds 2 
9 D 


unoccupied. At radon (Z = 86) the 6s- and 6^p-states are completely 
filled and we have an inert gas. The next element (Z = 87) is unknown. 
Here the filling of the Q-shell (n = 7) commences, so that it must be 
an alkali metal. The element Ra (Z = 88) is known and is of typical 
alkaline-earth character, both chemically and spectroscopically. The 
periodic table comes to an end with uranium (Z = 92), nuclei of higher 
charge being no longer stable. The chemical properties of elements 
beyond uranium can likewise be derived from considerations like those 
given above, so that it is not impossible that such elements (if indeed 
they can exist at all) may one day be isolated, perhaps from cosmic 
material. 

Relationships between the Elements. — As may be seen from 
Table XXVII, p. 336, chemical similarities between different ele- 
ments are mainly due to similarities in the configuration of the 
outer electrons of the atoms. Thus all the alkali metals have a 
single outer ^-electron, all the alkaline-earth metals have two such 
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with States of Valency Electrons 











I. 




5 B 

s*p 

2 P 

6 C 

s 2 p 2 

8 p 

7 N 

4 S 

8 O 

3p 

9 P 

s 2 p 5 

2 P 

10 Ke 
s*p B 

X S 

II. 




13 Al 

S*p 

2 P 

14 Si 

s 2 p 2 

S P 

15 P 

4 S 

16 S 
sV 

sp 

17 Cl 

sp 

18 A 
s*p 6 

HI. 

28 Ni 
a 8 * 2 

3 F 

29 Cu 
d l0 s 

2 S 

30 Zn 
dW 
'S 

31 Ga 
s*p 

2 P 

32 Ge 
s 2 p 2 
*P 

33 As 
s 2 p 2 

4 S 

34 Se 

3p 

35 Br 

S 2 jP 

sp 

36 Kr 
s^p* 

'S' 

IV. 

46 Pd 
d 1Q 

47 Ag 
d'°s 

2 S 

48 Cd 
d l0 6* 

'S 

49 In 

s 2 p 

2p 

50 Sn 
s 2 p 2 

3 P 

51 Sb 

s 2 p* 

4 S 

52 Te 
s 2 p* 

3 p 

53 I 

s*p? 

sp 

54 Xe 
i s 2 p* 

\ l S 

! v. 

78 Pt 
d*s . 

79 Au 

2 S 

80 Hg 
d l0 s 2 
l S 

81 Tl 

s 2 p 

2 p 

82 Pb 
s 2 p 2 

3 P 

S3 Bi 

s 2 p* 

4 S 

84 Po 

3 p 

85 — 

nS ” 2 /> 5 

2p 

! 86 Rn 

srp* 

S 

VI. 










VII. 

i 

65 Tb 
/W 
8 H 

66 Dy 
JHs 2 
7 KL 

67 Ho 
f 10 ds 2 
6 L 

68 Er 
f xl ds 2 
5 L 

69 Tm 
f 12 ds* 

70 Yb 
P*d* 
m 

71 Lu 
/ X W 
2 D 




electrons ($ 2 . 1 S) 5 all halogens have two $- and five ^-electrons 
(s 2 . p 5 . 2 P), &c. 

The elements of the sub-groups of the periodic table are charac- 
terized by outer ^-electrons. Tor instance, in group III the main 
group elements B and Al, as well as Ga, In, and Tl, all possess the 
arrangement s 2 p in the outermost shell, whereas the sub-group elements 
Sc, Y, La, and Ac all have $ 2 d. Analogous relationships are found in 
group IY. The extent to which the periodicity of chemical properties, 
especially of valency, depends on the periodicity of atomic structure 
treated above will be discussed in Chapter YI, p. 361 el seq. In Table 
XXVIII another way of representing the relationships of the chemical 
elements is reproduced. This form of the periodic system is due to 
Junius Thomsen and Bohr. A further table is also given (Table 
XXIX) in which the elements are arranged in long periods and the 
configuration of the electrons to which the characteristic chemical 
properties are due is given for each element. 
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13 . Magnetic Properties 

Mention Las been made above of several physical properties whose 
periodic variation with atomic number indicates that they are related 
to atomic structure. The periodicity of chemical properties will be 
discussed later (p. 383). In the present section we shall consider certain 
physical properties which can be treated quantitatively in the light 
of what has been said about atomic structure above. 

Foremost amongst such properties are the magnetic properties. 
We have already seen on p. 317 that every alkali-like atom behaves 
like a circulatory electric charge with the magn etic moment M = jgfj, 0 
or more exactly (see p. 312) M = 'V The quantities g 
and jj, 0 in these formulas are given respectively by 


and 


3j(i + 1) + 8(8 + 1) - 1(1 + 1) 

+ 1 ) 

eh 

^ 0 4 nmc? 


where m is the mass of an electron. Exactly analogous formulae also 
hold for atoms with more than one valency electron, the quantum 
numbers X, L, and J being substituted respectively for s, l, and j. 
Hence if the nature of the ground state is known, we have all the 
quantities necessary for the calculation of g and consequently of the 
magnetic moment M of the atom. The experimentally observable 
quantity is the magnetic susceptibility KL of the element, which accord- 
ing to Yol. Ill, p. 448, is given by 

^M 2 

“ 3&T’ 


where n is the number of atoms per c.c. Thus the magnetic moment 
of the atom can he calculated from experimentally determined sus- 
ceptibilities. In comparing such experimental values with those to 
be expected theoretically, a correction must be applied if all the atoms 
are not (as assumed above) in the ground state. Such a correction 
will obviously be necessary in cases where the atom possesses energy 
levels so near the ground state as to be appreciably excited by thermal 
agitation under the conditions of experiment. If AW is the energy 
difference between the ground state and such a level, the number of 
excited atoms will be proportional to e~ AW/ * T . Hence, knowing the 
nature of the excited state, we can make due allowance for its contri- 
bution to the mean magnetic moment of the atoms. The comparison 
of experimental and theoretical values also involves the assumption 
that neighbouring atoms do not appreciably affect one another. This 
last assumption is best justified for gases. In the case of sodium vapour 
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Gerx^ach has found a value for the susceptibility which is in very good 
agreement with that derived from the theory given above. Another 
case in which there is little mutual disturbance between neighbouring 
systems is that of the trivalent ions of the rare-earth metals. These 
ions differ from the corresponding neutral atoms in having lost the 
5 d- and 65 -electrons. As we see from Table XXVII, p. 336. the 4s~. 

4 5s-, and 5p-sub-groups are complete, so that the nature of 
the ground term is determined solely by the 4/-electrons. The 
theoretical ground states (p. 330) are shown in Table XXX, in which 
the letters H and I stand for L = 5 and L = 6 respectively. Some of 
the values of L and J are found to be very large, so that very strong 
paramagnetic properties are to be anticipated from the theory. Actually 
the ions in question have long been known to show strong paramagnetic 
behaviour. In Table XXX, under the heading M 0 /fc 0 , are given the 

Table XXX. — Magnetic Moments oe the Ions of the 
Rare-earth Elements 


Ion 

4 /- 

electrons 

Ground 

term 

Mo 

M 

f*0 

La-HH- 

0 

x s 0 

0-00 

0-00 


1 

a F 5 !# 

2-54 

2-5 

Pr+++ 

2 

3 h 4 

3-58 

3-6 

Nd+++ 

3 

4 i 9 ' 2 

3-62 

3-6 

I1+++ 

4 

S I 4 

2-68 

2-8 

Sm" f++ 

5 

8 H 5 , 

0-84 

17 

Eu~H"f- 

6 

7 F 0 

0-00 

3-5 


7 

8 S,-, 

7-9 

7-9 

Tb+++ . 

8 

7 f 6 

9-7 

9-7 

X>y+++ 

9 

6 H ls / 2 

10*6 

10-6 


10 

5 T S 

10-6 

10*6 ■ 

ErH-4- 

11 

4 Il5'2 

9-6 

9-6 

Tm+H- 

12 

3 h 6 

7-5 

7-5 

Yb+++ 

13 

2 F-/ 2 

4-5 

4-5 

Lu~H~r 

14 

4 S„ 

0-00 

0*00 


values of the magnetic moments of the ions (with /x 0 as unit), calculated 
from the given ground terms. 

When proper account is taken of the energy levels lying close to 
the ground level (due to the term multiplicities, i.e. the various 
J- values), the values given under the heading M//x 0 are obtained. 
These are the values to be expected from measurements carried out 
at room temperature. As is seen from the table, the correction to be 
applied on account of the excited states is small, except for Sm and Eu. 
Eig. 23 shows graphically the comparison between these theoretical 
values and the values actually obtained by experiment. Tbe limits 
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of error on the latter are indicated by the short vertical lines. The 
small circles represent the theoretical values. For clearness they are 
joined by a continuous curve. We see that the peculiar form of this 
curve is excellently accounted for by the theory. 



Fig-. 2,3. — Magnetic moments of the ions of the rare earth metals in 
the solid and liquid states. (The dotted curve is that obtained when no 
account is taken of excited states.) 


A further important contribution from the experimental side has 
been made by Sucksmith. As was mentioned briefly on p. 446 of 
Voh III, he measured the mechanical couple which acts on a suspended 
paramagnetic substance when a magnetic field is suddenly applied 
to it. This effect may be regarded as due to the Larmor precession of 
the atomic ei magnetic top a? under the influence of the applied field 
(see Vol. III, loo, cit.). The ratio of mechanical angular momentum to 
magnetic moment is given by G- = 2 mcj{ge), where g has the value 
given above. Sucksmith not only succeeded in demonstrating the 
existence of the very small effect for the salts of the rare earths, but 
was also able to measure it very exactly. In the case of Dy, for example, 
his measurements give g = 1-28, as compared with the value 1*33 
calculated from the electronic configuration of the ion. 

The Ions of Period IV (Ca ++ to Zn ++ ). — Very poor agreement with 
experiment is obtained if the magnetic properties of the ions Ca" 1 "*- to 
Zii ++ are calculated by the above method, and only the ground states 
axe taken into account. In fig. 24 (as in the preceding figure) the ex- 
perimental values are plotted as vertical lines, while the theoretical 
values lie on the dotted curve. Better agreement is obtained when 
the excited states are taken into account. The continuous curve 
represents the theoretical results when full allowance is made for the 
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energy levels in the neighbourhood of the ground level, and therefore 
refers to high temperatures, when all these levels are appreciably ex- 
cited. The observed values might be expected to lie between the two 
curves, but this is not true for all the ions. The discrepancies are 



Fig. 24. — Magnetic moments of the ions of Period IV, Ca to Zn, 
in the solid and liquid states 


probably due in part to displacements of the energy levels (a kind of 
Paschen-Back effect) occasioned by the strong interactions of the 
fields of ions approaching close to one another as a result of thermal 
agitation. 

Diamagnetic Atoms. — All atoms and ions for which the total 
angular momentum is zero (i.e. J = 0) in the ground state possess no 
magnetic moment, and hence exhibit diamagnetic properties only. 
To this class belong all systems whose electronic configuration con- 
tains completed groups only, and In particular those with inert-gas 
structure. The following atoms and ions are actually found to 
be diamagnetic: He, Bi+, Be ++ , J3+++, O — , Ne, Na*, 

S — , Cl~, A, K-*% Ca ++ , Sc +++ , Ti++++; also Chry and 

Ga +++ 3 these latter on account of the configuration 3cZ 10 (see Table 
XXVII, p. 336). 

Effect of Energy Levels near the Ground State on the Specific Heat. — 

When an atom or ion possesses energy levels lying close above the ground level, 
a relatively small amount of energy suffices to make the system assume an excited 
state. Since the number of atoms with an energy AW greater than the energy 
—aw 

of the ground state is e &t and therefore increases with the temperature, the 
result must be an 66 anomalous ” variation of specific heat with temperature; 
for a fraction of the thermal agitation is transformed into internal energy of the 
atoms (appearance of new degrees of freedom). Effects of this kind appear to have 
been actually observed, particularly for salts of the rare-earth metals. 
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E. The Influence of the Nucleus ok Atomic Spectra 

14. Hyperfine Structure 

Experimental results of various kinds (to be discussed below) 
indicate tbat the proton must be regarded as having a spin like the 
electron, the mechanical angular momentum being again of the order 
of h/(2rr ) — actually an integral multiple of ^A/(2 tt). Since, however, 
the mass of the proton is about 2000 times that of the electron, the 
magnetic moment of the proton is presumably only of that of 

the electron (see the equation on p. 208). More complicated nuclei 
must also be regarded as having spins. 

The first piece of evidence for definite nuclear spins is the observed 
fine structure (so-called hyperfine structure) of each of the components 
of the multiplet fine structure of atomic terms discussed above. As 
we have seen, the multiplet fine structure is explained as being due to 
the spin of the electron. No further cause for a splitting of energy 
levels is to be found in the extra-nuclear electronic structure of the 
atom, and hence we are led to the conclusion that the observed hyper- 
fine structure must be a nuclear effect. This conclusion is supported 
(see below) by certain peculiarities of band spectra, by determinations 
of electric moments by the molecular-beam method, and also by the 
discovery of two modifications of the hydrogen molecule. 

Nuclear spin is not the only nuclear property which may produce 
a hyperfine structure of the multiplet levels. In the first place it must 
be remembered that elements exist as mixtures of isotopes of different 
nuclear masses. Since the Rydberg constant R depends on the nuclear 
mass, slightly different energy levels will result. Conversely, the 
observed fine structure could be used for the detection of isotopes. 
Thus in 1932 Urey actually succeeded in showing that the spectrum 
of hydrogen contains, in addition to the ordinary lines of the Balmer 
series, other lines ascribable to a hydrogen atom with nuclear mass 2. 
This resulted in the discovery of the so-called heavy hydrogen isotope 
(p. 96). The effect of different isotopic nuclei can also he detected in 
other spectra, e.g. in that of Cd, though here the cause is probably 
differences of electrical properties rather than differences of mass. 

Hyperfine structures, however, have been observed even for 
elements (e.g. bismuth) which have only one isotope. Here there can 
be no doubt that the cause is the electrical properties of the nucleus. 
Moreover, the appearance of sharp lines and the discovery of whole- 
number relationships between the energy differences of the levels 
necessarily lead to the idea of sharply- defined (i.e., in the usual language 
of atomic structure, quantized) nuclear states. Rack has actually 
succeeded in demonstrating the Zeeman splitting of the hyperfine 
structure components. The observed phenomena can be very well 
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accounted for by ascribing to the nucleus an angular momentum 
vector I and a corresponding quantum number i. This vector I com- 
bines with the angular momentum vector J to give a resultant F. 
Fig. 25 gives an example of hyperfine structure. Since the magnetic 
moment of the nuclear spin of a 
nucleus of mass M is only mj M times 
that of an electron (mass m) s the 
separation of the hyperfine structure 
components of a line is correspond- 
ingly small in comparison with the 
separation of the ordinary multiplet 
components. Thus for Bi the ratio 
of the separations may be expected 
to be only about 1 : 40,000. This is in good agreement with observa- 
tion, as far as order of magnitude is concerned. Here the multiplet 
separation is of the order of 15,000 cm. -1 , while the hyperfine sepa- 
ration is only about 0T to 0*5 cm. -1 . On account of the smallness 
of the effect, investigations of hyperfine structure are always carried 
out with atoms of high mass (like Bi); for only in such cases can the 
broadening of the lines by the Doppler effect be kept sufficiently small 
without raising serious experimental difficulties. 

Table XXXI gives the nuclear angular momenta (expressed as 


^3 


Fig. 25. — Observed hyperfine structure 
of the line 5485 A. of Li II 


Table XXXI. — Nuclear Moments (£) 


Element 

i 

Element 

i 

Element 

i ! 

H 1 

4 

Mn M 

Sl 

J^ a 136, 13S 

0 ! 

He 4 

0 

£i u 03„ 63 

a 

La 139 


Li 6 

0 

Ga c& ' 71 

3 

Pr 141 

fl | 

Li 7 

;i 

As 75 

tk 

Re 187 * 189 

•S | 

c 12 

0 

Br 70 - 81 

5 

Au 197 

fr? • 

, N 14 

1 

Rb S5 

w ? 

Hg 199 

x. i 

Q1S 

0 

cd m, 113 

1 

Ho : 201 

fi i 

pl9 

JL 

piJllO, 112, 
^^114, 116 

6 

Her 198 - 
c*2»t2, 204 

6 

Na 23 

5? 

In 115 

0 . 

rppu.J, 2H3 j 

X 

p31 

1 

2' 

Sb 121 * 123 


Pb 2 ° 7 ! 

x 

S 32 

0 

I 127 

.*> 

■pi *204, 200, 

X 20« ! 

0 

OJ35 

fi 

Cs 133 

A? 

Bi auy j 

SI i 

K 33 

>1? 

Ba 137 

u ? 




the quantum number i and called nuclear moments) which have so far 
been obtained from kyperfine structure and other measurements. 

Considerable uncertainty still attaches to some of the data, owing 
to the difficulty of determining the very small frequency differences 
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involved. Interferometric methods are generally used. Since the spins 
of the proton and electron are probably equal, namely ^hj(2u), atoms 
with even nuclear charges may be expected to have nuclear moments 
which are even multiples of ^A/(2 tt) 5 while atoms with odd nuclear 
charges may be expected to have nuclear moments which are odd 
multiples of ^hf(2rr). As may be seen from Table XXXI, this is not 
the case. This raises difficulties which have so far not been overcome, 
and shows that we still have no satisfactory theory of nuclear structure. 
(See the sections on the neutron, p. Ill, and /?-ra y energy, p. 20.) 

Para- and Ortho-Hydrogen. — In diatomic molecules with similar 
nuclei the existence of nuclear spin gives rise to an effect similar to 
that occurring with electrons (pp. 274, 388). In fact there must be an 
energy difference between corresponding configurations with parallel 
and antiparallel nuclear spins, rather like that observed in the analogous 
case of atoms with two electrons (e.g. helium: ortho -helium and par- 
helium). It has in fact been found that the hydrogen molecule H 2 
exists in two different modifications called para-hydrogen and ortho- 
hydrogen, On account of the different energy states of rotation (see 
below), the two modifications differ from one another in specific heat. 
If ordinary hydrogen H 2 is absorbed by wood charcoal at about 20° 
Abs., it is almost completely transformed within a few hours into para- 
hydrogen. As will be explained in more detail later, we may con- 
clude from the variation of the specific heats with temperature that 
in para-hydrogen the two nuclei must have oppositely-directed spins, 
while in ortho -hydrogen the two spins must be similarly directed. 
Ortho-hydrogen cannot be prepared in a pure state, because its energy 
content at low temperatures is always greater than that of para- 
hydrogen. Under ordinary conditions hydrogen is a mixture of the 
two forms in the ratio 3:1. This is the proportion which is spon- 
taneously assumed at high temperatures. As we shall see later, spectro- 
scopic data also lead to the same conclusion. 

So far it has not been found possible to detect differing modifi- 
cations of an analogous nature in the case of other molecules- with 
similar nuclei (e.g. N 2 or the halogens, for which such modifications 
are to he expected theoretically). 

Influence on the Rotational States. — The wave-mechanical calcu- 
lations show that the nuclear moments must have an influence on the 
rotational states of molecules. A certain extension of the exclusion 
principle is thereby obtained. For a diatomic molecule with zero total 
electronic angular momentum the theory states that when the two 
nuclear spins are parallel, only those rotational states with odd rota- 
tional quantum numbers are possible. On the other hand, if the nuclear 
spins are antiparallel, the molecule in the ground state can only assume 
those rotational states which have even rotational quantum numbers 
(see pp. 380 and 382). 
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F. Some Deductions from Wave-mechanic ad Theory 

15. The Principle of Indeterminacy 

Electromagnetic phenomena in relatively large regions of space 
and, so far as oscillations are concerned, at low frequencies are satis- 
factorily accounted for by Maxwell's equations, i.e. on the basis of 
a continuum theory. Within the atom, on the other hand, we have 
seen in this volume that other laws hold. The most remarkable feature 
of these atomic laws is their discontinuity, which is manifested most 
clearly by the sharp lines of atomic spectra. This discontinuity is 
characterized by the appearance of the quantum of action h in the 
formulae. Thus it appears that the substratum of electromagnetic 
processes has not the nature of a continuum, but must have a discon- 
tinuous structure which is measured by the constant h. At present 
we have no means of elucidating this structure. Hence it is clear that, 
for the time being at least, we can only represent electromagnetic 
processes somewhat roughly, greater precision being precluded by the 
discontinuous structure referred to above. Our inability to make any 
further advances in this connexion at the present time may well be 
due in the first place to our lack of experimental data (such as may 
he obtainable from investigations of the processes underlying light 
emission), and in the second place to the inadequacy of our concepts 
(probably to that of our concept of energy’ in particular). 

This limitation of our ability 7- to describe microcosmic processes has 
found expression in the so-called indeterminacy principle or uncer- 
tainty principle of Heisenberg (1927). which may be enunciated as 
follows: The maximum possible accuracy of description of a process 
is such that the product of the uncertainties in the observed values of the 
tiro conjugate qua)itities measured in order to describe the action (erg- 
sec. = gin. cm. 2 sec. -1 ) is of the order of magnitude of h ( = 6*55 X 10 -27 
erg-sec.). 

To illustrate this principle we shall consider a few examples. Sup- 
pose we wish to determine the position of a very small particle (say 
an electron). In the case of particles which are optically’ visible we 
should use a microscope. Now the possibility' of determining the 
exact position of the particle is limited by the wave-length of the light. 
The width of the diffraction figure, which is to be regarded as the 
“ image ” of the particle (see Yol. IV. p. 149), is at least of the order of 
magnitude of the wave-length of the light used. In order to determine 
the position of a very small particle like an electron or a proton, it is 
therefore necessary to use “ light " of very short wave-length ( " y-ray 
microscope But the shorter the wave-length, i.e. the greater the 

frequencv i\ the greater is the effect of the momentum of the radiation 
on the particle (see p. 230) and consequently the less the accuracy’ 
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with which the momentum of the particle (gm. cm. sec. -1 ), i.e. the 
conjugate quantity to the position (cm.), can be measured. Thus the 
more "exactly we try to determine the position of the particle (by 
using light of shorter wave-length), the less accurately are we able 

(on account of the Compton effect) to 
determine the momentum of the particle 

(fig- 26). 

As another example we may consider 
the passage of cathode rays through a 
narrow slit (of width d). At the moment 
when the rays pass through the slit, the 
breadth of the beam is d. We may sup- 
pose the original beam to have consisted 
x only of particles moving in one direction, 
i.e. having momentum only in the direc- 
tion of the beam. At first sight we 
should expect that the breadth of the 
beam after passage through the slit would 
be d. Experiments of this kind show, on 
Fig. -6. Determination of the con trary, that the electrons are dif- 
an electron. fractecl (see p. 244) and that the beam 

broadens out after passage through the slit, 
just as an originally parallel beam of light does. Thus the particles are 
given a momentum at right angles to the original direction of the beam. 
Hence if the position of a particle is determined with the uncertainty d 
(i.e. the particle is known to pass through the slit), then an uncertainty 
arises in regard to its momentum, because of the lateral component 
which is thereby imparted. This lateral component is indeterminate, 
being different for different particles. The narrower the slit, the more 
marked is the diffraction. Hence the greater the accuracy with which 
the position co-ordinate is determined, the more uncertain does the 
mo mentiim become . 

Let p x be the component of momentum at right angles to the original direction 
of the beam for a particle which is diffracted through the angle 0 towards the 
first diffraction maximum. Then if p b is the momentum in the original direction 
of the beam, we have tan0 — p 1 ;p b . 

Again, for the first diffraction maximum we have sinO = :>a d (see Vol. IV, 
pp. 199 and 200). Since 0 is small, we may take tanO = sinO and also >. = hjp b 
(p. 246) Hence 

p r _ 3 7. = 3 h 
p h ~ 2d 2 p b d‘ 

The difference between the two values of corresponding to the two first maxima 
on either side is therefore 2 p Y *=s *3h d. This may he taken as the uncertainty 
A/Jj of the lateral momentum for any particular electron; for an overwhelming 
majority of the particles lie within this range (cf. fig. 3H on p. 201 of YoL IV). 
The uncertainty As of the co-ordinate of position in the direction at right 
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angles to the original direction of the beam is the width d of the slit. Hence we 
obtain 

As A j p 1 = 3 h. 

Thus the product of the uncertainties of the two conjugate quanti- 
ties. length and momentum, does actually turn out to be of the order 
of magnitude of h. 

Action may also be considered as the product of the conjugate 
quantities energy and time. Accordingly a given uncertainty in a 
determination of time must be associated with an uncertainty in the 
conjugate determination of energy, and vice versa. Consider, for 
example, a train of sine waves of unlimited length and of frequency 
falling on some type of shutter, which is opened and closed in order 
to determine the time at which the waves pass through. The uncer- 
tainty of this determination is thus the interval Af during which the 
shutter remains open. Behind the shutter we obtain a section of the 
wave-train of limited extent. An experimental example of this kind 
has been discussed on p. 239 in connexion with the periodic interrup- 
tion of a train of light waves by means of a Iverr cell operated by 
electrical oscillations. A limited portion cut off from a monochromatic 
wave-train is no longer monochromatic, but in accordance with its 
Fourier analysis must be regarded as made up by the superposition 
of different frequencies. The uncertainty Ac thus introduced into the 
frequency becomes greater as the length of the portion of the train cut 
off is made smaller (i.e. as the frequency of modulation is increased). 
Now the energy E is related to the. frequency v by the equation E = h v. 
Hence an uncertainty in the frequency implies an uncertainty in the 
energy. 

To a first approximation the uncertainty of frequency introduced is twice 
the frequency of modulation; i.e. Av ^ 2 A t, where the symbol means is 
of the order of magnitude of Hence we have AvA t 2. or 

h AvA / = AE At ^ 2 h. 


The product of the uncertainties of the conjugate quantities energy and time is 
thus once more of the order of magnitude of h. The length S.v of the wave-train 
cut oif is rA/ and the uncertainty in the wave-number is Av Av c. Hence 
we may write AvA.r ^ 2. 

The same considerations also apply to the passage of a material particle 
through a shutter device. Here again an uncertainty in tin* wa ve-meeha nieal 
frequency or wave-length means an uncertainty in the velocity and hence in 
the kinetic energy of the particle. 

The uncertainty attaching to a light quantum may he calculated as follows. 
Idle duration of the process of emission is of the order’ of magnitude of lo * see. 
Henee Av is of the order of magnitude of 1<> S see. h X< w v r X and therefore 
Av -- — c* AX X". Eet us take e.g. the green tig line (X 54(>L A.), 'then we have 


Av 


10 * 


3 

(5-r» 


h>n» 
in b- 


ax. 


AX lo 


whence 


* A. 
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This is the “ natural ” line breadth (see p. 221). Prom the relation AvAa; ^2 
given above we have, since Av = Av ,c, 

10 s A.r = 2 x 3 x 10 10 , 

whence \x = 600 cm. Hence if the wave-number (and therefore the energy) 
of a light quantum is determined with a degree of certainty corresponding to the 
natural line breadth, the quantum can only be localized within a distance of a 
few metres measured in the direction of propagation. 

Range of Validity of the Indeterminacy Relation. — The relation 
■obviously holds for all processes of an electromagnetic nature, in which 
Ji pla} r s a part. On account of the smallness of h, the relation is of no 
practical significance in macroscopic processes. Tor very small-scale 
processes, however, the above examples show that it is of very great 
importance. In the light of the discovery of the diffraction of electrons 
and protons (p. 256) it is now probable that the behaviour of all matter 
is in accordance with wave-mechanical theory (p. 246), i.e. that the 
quantity h plays a part in all material processes. We must accordingly 
conclude that all processes are subject to the principle of indeterminacy. 

This '‘granular” character of physical phenomena,* as characterized by the 
constant h , affects all observable processes. In this connexion, however, we must 
(at least provisionally) make one exception — gravitation. Though gravitation also 
appears to be a property of electromagnetic energy and its mass (perhaps only 
another manifestation of the latter), we still know far too little about it to be 
able to draw any definite conclusions. 

The indeterminacy principle is really only another way of express- 
ing the indeterminacy (in space or time) of the wave-processes, em- 
phasizing the special relation to the quantity h . According to this 
principle, all statements concerning systems of atomic size are neces- 
sarily affected by a certain degree of indeterminacy, in so far as they 
concern single processes. Statistical conclusions concerning a large 
number of processes can, however, be deduced from wave-mechanics 
with any desired degree of certainty. Thus, for example, we can never 
know whether one particular selected molecule rebounds in accordance 
with classical mechanics when it collides with another molecule; but 
we can and do know that the average behaviour for a very large number 
of molecules is very nearly in accordance with classical mechanics, and 
the extent of the discrepancy (due to particle diffraction) can be 
calculated with any desired degree of accuracy. 

16. The Wave -mechanical Interpretation of Radioactive 
Processes 

Distribution of Potential near the Nucleus. — The fundamental 
experimental data are provided by the investigations of Rutherford. 

* This is not to be taken in any material sense, hut simply as a convenient way 
of expressing the fact that all observable elementary processes are disc ontinuous in 
■character. 
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In order to understand their interpretation, imagine a positively- 
charged particle to he gradually brought up towards an atomic nucleus, 
all the distances involved being small relative to the dimensions of the 
whole atom. At first the particle will be repelled. According to the 
experiments referred to on p. ST. these repulsive forces obey the 
inverse square law down to distances of about 10 -11 cm, and often 
even less. On the other hand, at very small distances from the centre 
of the nucleus forces of attraction must occur; otherwise the nucleus 
would fly to pieces. Thus the distribution of potential must be of the 
form shown in fig. 27: the nucleus must he surrounded by a so-called 
potential barrier. In order to penetrate into the nucleus, a positive 
particle has to get past- this barrier. According to the ordinary laws of 
classical electrodynamics, it must therefore possess an initial energy 
which is at least as great as the height of the barrier. Now experiment 
shows that this is in fact not the case. For example, the investigations 
of Rausch vox Traubexberg (p. Ill) prove that protons of very low- 
energy (about 10 4 volts) are able to penetrate into nuclei for which 
the height of the barrier (as 
determined by the scattering of 
a-particles) is of the order of 10 6 
volts. At these low- energies, 
however, the probability of pene- 
tration is very small. More- 
over, the reverse behaviour had 
been previously observed by 
Rutherford. In the bombard- 
ment of uranium atoms with a-particles from ThC' (energy W tl = 14 X 
I0 -6 erg) there is no appreciable deviation from the inverse square law. 
Here the nearest approach to the uranium nucleus is 3 x 10~ 12 cm. 
(see p. 84). It is certain, therefore, that the distance of the maximum 
of the potential barrier (tig. 27) from the centre of the nucleus is less 
than 3 X lO~ 12 cm. for uranium, and that its height is greater than 
14 X 10~ G erg. A similar distribution of potential also holds for the 
neighbouring heavy atoms in the periodic table. Yet when uranium 
disintegrates it emits a-particles with an energy of only f.W> X erg. 

Thus although their energy is less than the height of the barrier, 
a-particles are clearly able to get out of the nucleus, i.e. to get past 
the barrier. This behaviour corresponds exactly to the penetration of 
protons of low energy into nuclei. On the basis of classical electro- 
dynamics the phenomenon is unintelligible. Wave-mechanics, how- 
ever. provides an interpretation of it. 

Wave-mechanical Theory of Nuclei.— To take an optical simile 
(cf. ]). 2(52). tlie nucleus is like a region of variable refractive index, 
in which the material waves of bombarding elementary particles arc 
totallv reflected. In optical total reflection a part of the wave-motion 
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passes into tlie reflecting medium, where its presence may be demon- 
strated by the experiment referred to on p. 58 of Vol. IV. The am- 
plitude of the waves shows a very rapid exponential decrease as the 
distance from the reflecting interface increases. In the same sort of way, 
a portion of the material waves passes through the potential barrier. 
Hence the probability that particles may be encountered on the far 
side is a finite one. This probability becomes smaller as the energy of 
the particles is decreased relative to the height of the barrier. Hence 
radioactive nuclei are clearly those that contain a-particles with an 
energy which is comparable with the barrier height. From considera- 
tions of this sort Gamow has calculated the probability of the escape 
of a-particles through the potential barrier of a disintegrating nucleus. 
The following formula is found for the disintegration constant A (see 


P- 


23): 


log, A 
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in which e is the mass of an electron, m the mass of an a-particle, r 0 
the distance of the maximum of the potential barrier from the centre 
of the nucleus (i.e. the effective nuclear radius), Z the atomic number 
of the element under consideration, and v the velocity with which the 
a-particle leaves the nucleus. Substituting the numerical values and 
using a mean value for r 0 (namely r 0 = 10~ 12 cm. for the heavy radio- 
active elements) in the last term, which is insensitive to changes of 
r 0 , we obtain for A (in sec. -1 ) the expression 

log 10 A = 4-1 x 10 6 V\Z — 2)>- 0 — 1-19 X 10 9 (Z ~ + 20-47. 


From this we see that the Geiger-Nuttall relationship (p. 23) is 
only a first approximation. Its comparative accuracy is due to the fact 
that Z, v, and r 0 are nearly constant for all the radioactive elements. 
Deviations from the Getger-Xuttall relationship can be understood in 
the light of the above equation, which is also applicable (after suitable 
transformation) to artificial transmutation processes. Thus e.g. in 
fig. 11, p. 24, the point for AcX lies off the Geiger-Xuttall line 
because here the velocity of the a-particles is less than for the 
preceding element ltd Ac. 

Theory of y-ray Emission. — The emission of y-rays which is observed 
in a large number of radioactive transformations was at first thought 
to be due to the motion (or rearrangement) of the /3-particles (electrons) 
within the nucleus. Accumulated evidence of various kinds leads, 
however, to the view that the y-rays are probably produced in the 
main by the rearrangement of a-particles or protons. There are two 
principal lines of inquiry which point in this direction: the investi- 
gation of (I) the long-range a-rays emitted with small intensity by 
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RaC and ThC. and (2) the " fine structure " In the ranges of normal 
a-rays. The investigation of the y- rays produced in artificial atomic 
transmutations also provides evidence in the same direction. 

Rutherford and his co- workers were able to show in 1931 that 
the long-range a-rays from RaC fall into distinct groups with charac- 
teristic ranges. By means of the Geiger relationship (p. 17). amplified 
by a correction term, it is possible to calculate from these ranges the 
velocities (and hence the energies) of the a-particles In question (see 
Table XXXII). The energy differences in column five of the table are 
calculated with due allowance for the recoil (see below). 


Table XXXII 


Group 

Ran^e in 
Cm. 

Energy in j 

Xlillions of 
Volts 1 

1 

Relative 

Number 

Energy Differ- : 

. ence in \Iillions 
of Volts relative ' 
to Xl.dn Group ; 

hi- of Observed 
prays, in 
millions of 
Volts 

0 

o-ss 

7*68 i 

10 , 000,090 



1 

7-79 

8-30 i 

049 

0-63 

0-61 

2 

9-04 

9-12 1 

16-7 

1-46 ! 

( 1 - 43 ) 

3 

9-50 

9-41 

0-53 

1-76 

1-78 

4 

9 - 7 S 

9-59 1 

0-93 

1 -94 


5 

10-21 

9-84 1 

0-60 

2-20 

2-22 

0 

10 * 4(5 

9-99 1 

0-56 i 

2-35 


7 

10-83 

10-22 i 

1-26 

2-58 j 


S 

1 1-25 

19-47 j 

0*67 

2-84 


9 

11-52 

10*62 

0-21 

3-00 

( 3 - 03 ) 


The remarkable fact emerges that certain of the observed y-ray 
frequencies correspond exactly to energy quanta which are equal to 
the energy difference between long-range a-ray groups and the main 
a-ray group. (See last column of Table XXXII.*} This may be 
expressed in the following significant equation: 

hv = E k — E rl . 

where liv is the y-rav quantum. E A . the energy of the Jet h group of long- 
range a-rays. and E„ the energy of the normal a-rays. The analogy to 
the Bohr quantum condition for the emission of optical spectra is 
complete. \Vo are therefore led to conclude that the emission of an 
a- or jS-partiele causes a disturbance of the nucleus of such a kind that 
nuclear a-particles are raised to "excited " energy levels. As the 
experiments show, these excited levels must he fairly sharply defined. 
Soon after, the excitation energy is emitted as a y-ray quantum of 
corresponding definite energy, the nucleus thereby reverting to its 

* The empty spares in the last e iliimn of the table presumably eorrespt »nd to 
•y-rays of stieh low intensity that thev have esraped observation. Observed prays 
not inelmled in the table may be interpreted as corresponding to energy differenees 
between higher u-ray irruups (not between an u-nty uroup and the main ti-ray «j£r«mp). 
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££ normal state in much the same way as an atom reverts to its 
normal state by electronic transitions with optical emission. 

The subsequent radioactive disintegration for the most part in- 
volves nuclei whose a-partieles are all in their lowest levels; but a 
small number of a-particles (if the decay constant is large enough, an 
observable number) are expelled from higher energy levels, and so 
constitute the long-range a-particles. Their excess of energy (relative 
to the normal a-particles and with due allowance for recoil) is thus a 
measure of the excitation energy of the level in question. The relation 
to the y-ray energy quantum follows at once. 

The second line of inquiry which leads to the same conclusion is 
the investigation of the ranges of the normal a-particles. It is found 
that these fall into groups with very slightly differing velocities. Five 
such groups are found, for example, for ThC. 

This “ fine structure 55 was discovered by measurement of the radii 
of curvature of the paths of the particles in the very powerful and 
extensive magnetic fields made available by the large Paris magnet 
(Rosenbeuxc, 1931). It found that the energy differences between 
the different groups agree remarkably well with the values of the 
quanta of the observed y-rays (e.g. for ThC). For reasons which cannot 
be discussed here, the long life-period of ThC precludes the theory given 
above as an explanation of the appearance of different a-ray velocities. 
Hence we must conclude that after the expulsion of an a-particle the 
nucleus is left in an C£ excited 55 state, and that it subsequently reverts 
to its ” normal ” state with emission of a y-ray quantum. The energy 
(or range) of the expelled a-particle thus determines the magnitude of 
the y-ray quantum (i.e. its frequency); if the former is smaller, the 
latter is correspondingly greater. 

The allocation of y- rays to differences between energy levels of 
a-particles within the nucleus appears to be further supported by the 
observations of Rutherford and his co-workers on actinium eman- 
ation. This is found to emit two groups of a-rays with an energy 
difference of about 340,000 volts, as well as an intense y-radiation of 
exactly corresponding frequency. The /3-radiation is only feeble. 

Experiment shows that (with the exception of RaE and RaF) 
/3-rav changes are also accompanied by intense y-radiation. So far, 
however, it has not been possible to extend the theory to cover this 
phenomenon. 

In certain cases of artificial nuclear transmutation (p. 109), notably 
for Be, y-rays are found to be emitted (Bothe and Becker, 1930). 
According to what has been said above, this mav he interpreted by 
supposing that the bombarding proton, on being captured, raises the 
nucleus into an excited state from which it passes over to the normal 
state of the new nucleus with emission of a y-ray quantum. 



CHAPTER VI 


Molecular Structure 

A. Molecular Spectra (Band Spectra) 

1. General Discussion of Band Spectra 

Structure of Band Spectra. — Spectra are often observed which 
contain so many lines crowded close together that in spectroscopes of 
small resolution they give the impression of being continuous. Figs. 
12 and 13 of Plate XIV, facing p. 160 of Vol. IV. give an idea of the 
appearance of spectra of this kind, which are referred to as band 
spectra. Closer investigation has shown (see further below) that these 
bands are emitted by molecules , whereas ordinary line spectra are 
emitted by atoms. We are now able, not only to state in many cases 
the exact chemical molecule to which a given band spectrum belongs, 
but also to deduce from the band spectrum certain important physical 
and chemical properties of that molecule. Molecular spectra usually 
show a characteristic distribution of intensity, there being several more 
or less narrowly bounded spectral regions in which the intensity falls 
off (either towards longer or towards shorter wave-lengths) from a 
certain definite point called the head of the hand. The band is said to 
be degraded towards the red or towards the blue, as the case mav be. 
The general appearance is often that of a channelled or fluted hand, 
though in spectrographs of very high dispersion the " bands " prove 
to he built up of lines arranged with great regularity. These lines 
form an array which often stretches in both directions from a gap in 
the band (see tig. 1). 

A bcuuL them is an assemblage of a large number of litas. A large 
number of bands together form a band system. and. finally, several such 
band svstems may be comprised in the complete spectrum of a given 
molecule under given conditions of excitation. 

It has Ihhmi found possible to recognize this threefold structure 
in almost all cases of molecular spectra. The band systems, which may 
consist of only a few bands or of well over a hundred, may lit 1 in 
different- regions, e.g. one svstem in the visible and one in tin* ultra- 
violet. Karli of these systems is found to he built up of a regular array 
of bands, and each of the bands in turn to lie built up of regular arrays 
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of lines. In certain circumstances neighbouring 
bands may overlap, thus obscuring the regu- 
larity of arrangement of the lines and making 
the analysis very difficult. 

A number of items of evidence may be 
adduced to prove that the hands of a system 
all belong to the same molecule. Thus they are 
all similarly influenced by an alteration of the 
conditions of excitation, and in particular dis- 
appear simultaneously when the conditions are 
such that the chemical individual to which they 
are due must be supposed to have ceased to 
exist in the system. Again, they all have the 
same general appearance, being all degraded 
towards the same side. Most important, how- 
ever, there are relatively simple relationships 
between them (see below). The occurrence of 
band systems in different spectral regions, on 
the other hand, is somewhat less regular and 
depends very much on the conditions of ex- 
citation. Hence the relation between band 
systems situated in widely separated spectral 
regions can usually be established only by a 
close analysis of their structures. 

Now it is remarkable that a threefold char- 
acter is also found in connexion with the spectral 
regions in which molecular emission or absorp- 
tion of radiation occurs. Thus many molecules 
are known to give spectra in the far infra-red 
(about 150/r to 30 /ul) and in the near infra-red 
(about 5 p to 1 fj.), in addition to the above- 
mentioned hand spectra in the visible and ultra- 
violet. The spectra in all three regions belong 
to the same molecular species. Moreover, it is 
found that the absolute frequencies of the 
infra-red groups are of the order of magnitude 
of the frequency differences occurring in the 
corresponding visible and ultra-violet band 
spectra. Thus the average frequency of the 
group in the far infra-red is approximately 
equal to the frequency differences between the 
hues within a band; while the frequency of the 
group in the near infra-red is approximately 
equal to the frequency differences between the 
bands ivithin a band system. 
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The facts enumerated below show that- tlie longest-wave spectra 
(far infra-red) are connected with the rotations of the molecules — 
so-called pure rotation spectra — while the shorter-wave infra-red 
spectra are connected with the internal vibrations of the molecules, 
upon which are superimposed the rotational motions just referred to 
— so-called rotation-vibration spectra. Finally, the complete band 
spectra (visible and ultra-violet regions) are connected with electronic 
transitions which determine their spectral region, the band systems 
being connected with the superimposed molecular vibrations and the 
individual hands being connected with the superimposed rotations of 
the molecules. 

Model of a Diatomic Molecule. — In order to illustrate the above 
interpretation, we shall consider the possible states of internal energy 
of a diatomic molecule. As far as mechanical properties are concerned, 
we may provisionally regard such a model as consisting of two spheres 
connected rigidly together, the distance between them being large 
compared with their diameters (dumb-bell model, cf. Vol. II, p. 45). 
The internal energy of a model of this kind consists entirely of its 
energy of rotation E r . According to p. 138 of Vol I, this is JIaA where 
I is the moment of inertia involved and co is the angular velocity. 
Introducing the angular momentum J = Jco (see Vol. I, p. 136), we have 

i-J 2 /I. Here 1 = ' 2 - r 2 . where nu and m.> are the masses of the 

Wj+W 2 

two atoms of the molecule and r is the distance between them. 

Of the possible rotations, there occur at ordinary temperatures 
only those for which the moment of inertia has a sufficiently high 
value. For example, rotation about the axis of the molecule (i.e. the 
line joining the two atoms) obviously does not occur, as is proved by 
the absence of the corresponding degree of freedom in connexion with 
the specific heats of diatomic gases (see Vol. II, p. 45; also this volume. 
Chap. VII, p. 41:2). 

The assumption that the two atoms are rigidly connected together 
is certainly too specialized. A study of specific heats shows that new 
degrees of freedom appear at sufficiently high temperatures. The 
atoms must be supposed to be connected together as by a spring, so 
that any deformation (i.e. alteration of the distance between them due 
to collisions, absorption of energy, ike.) causes the nuclei to vibrate 
relative to one another. The observed variations of specific heat indicate 
that these vibrations are associated with rather large energies in com- 
parison with the ordinary thermal energy. The vibrations may be 
either harmonic* or markedly anharmonie: in the* former ease the fre- 
quency will he independent of the amplitude, in the latter it will vary 
markedly with the amplitude. 

The third possible 1 way in which the internal energy of a molecule 
may change 1 is by a change 1 of the electronic configuration similar to 
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those discussed for atoms. The corresponding energies are of the same 
order of magnitude as those for atoms, and as a rule, therefore, the 
corresponding spectral emission lies in the visible or ultra-violet region. 

2. Pure Rotation Spectra 

Experimental. — In the long-wave infra-red it is possible to observe 
absorption spectra consisting of lines at approximately equal distances 
apart on a frequency scale. Spectra of this kind are given by the 
molecules HE, HC1, HBr, and HI. (The molecules H 2 0 and NH $ 
also show complicated absorption spectra in this region.) As was 
shown by Czerny (1925 and 1927), the observed arrays of lines can be 
represented by the following equations, the unit of wave-number 
being cm." 1 . 

HF: v = 41-086 M — 0-011879 M 3 ; M = 2, 4, 5. 

HC1: v = 20-8411 M — 0-001814 M 3 ; M = 4, 6, 7, 8, 9, 10, 11. 

HBr: v = 16-7092 M — 0-001457 M 3 ; M = 5, 6, 7, 10, 11, 12, 13, 14. 
HI: v = 12*840 M — 0-000820 M 3 ; M = 6, 7, 8, 9. 

Thus M assumes successive integral values. No absorption investi- 
gations have been carried out at longer wave-lengths, hut the occur- 
rence of lines with M- values still smaller than those given may be 

anticipated. As may be seen from 
the formula, the line for HI with 
M = 1 must lie at a wave-length of 
nearly 1 mm., i.e. in the region of 
ultra - short electric waves. The 
distances between neighbouring lines 
are not quite constant, owing to the 
second term in the formulae; but 
the deviations are very small, especially for the heavier halogens. 
Fig. 2 is a diagram of the HC1 spectrum. Lines not yet observed are 
shown dotted. 

Interpretation of these Spectra. — Specific heat investigations indicate 
that in consequence of their thermal agitation molecules must possess 
internal energy in addition to kinetic energy of translation. The 
measurements lead to the rigid dumb-bell model as a first approxi- 
mation for diatomic molecules, the dumb-bell being able to execute 
rotations (see Vol. II. p. 45) about an axis normal to the line joining 
the two atoms. If such a diatomic molecule possesses an electric 
dipole moment (i.e. if its constituent charges are distributed un sym- 
metrically relative to the axis), it may be expected to send out electro- 
magnetic waves when it rotates, i.e. to have a rotation spectrum. The 
sharpness of the lines actual^ observed indicates that only certain 
quite definite energy states of the molecule are permitted. Since we are 
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Fig. 2 . — Rotation bands of HC1 
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dealing with a rotator, we may expect the angular momentum j r to 
be determined by an integral quantum number j r according to the 

formula | j r | = \Zj r (j r H- 1) v- (see p. 312). Hence, according to the 
formula of p. 363, the energy of rotation will be given by 

h 2 

E r = Jr(jr+ 1) +* Constant, 


where j r = 0, 1, 2 . . . . The wave-number v = vjc of a line of the 
pure rotation emission spectrum corresponding to the quantum 
transition (j r + 1) to j r is given by 
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Since j r may have any integral value, transitions in which j r changes 
by unity (see selection rule below) will therefore give rise to an array 
of lines at equal distances apart on the wave-number scale. Inserting 
the observed value for HC1, for example, and remembering that 
h!(4c7T 2 c) = 55-4 X 10- 40 e.g.s. units, we obtain I = 2*64 X 1G“ 40 

yy\ 

gm. cm. 2 . Now we know that I = - n , ° - r 3 , where m x and m 0 are 

the masses of the H atom and Cl atom respectively and r the distance 
between them in the HC1 molecule. The mass of a single atom is its 
atomic weight divided by Avogadro’s number. Hence we may calculate 
r from the above value of I. The value obtaiued is r = 1*28 X 10 -8 cm. 
The very good agreement of this with the figures obtained by other 
methods furnishes confirmation of the interpretation of the far infra- 
red spectra as due to the rotation of the molecules. It also proves the 
validity of the application of the general quantum condition to the 
rotational transitions of a diatomic molecule. 

We have still to give a quantitative theory of the small correction terms which 
account for the departures from equal spacing in the lines of the pure rotation 
spectra. The cause of these departures is to be found in the fact that, as the 
velocity of rotation increases, the centrifugal force must increase the distance r 
between the atomic nuclei and hence increase the moment of inertia I, As a 
result the energy levels corresponding to higher ^-values must lie somewhat 
lower than in the simple theory above. The lines corresponding to transitions 
involving higher g r -values must therefore have somewhat lower wave-numbers 
than they would have if I were constant. The more detailed calculation shows 
that the diminution of wave-number is proportional to (j r -~ l) 3 . Thus this 
theory is able to account very satisfactorily for the observed facts, the quantity 
A1 of the empirical formula 1 being seen to stand for {j r r 1)- From the value of 
the coefficients of A l 3 it is possible to draw conclusions as to the “ elasticity ” of 
the linkage between the atoms in the molecule. 

Selection Rule. — Since the rotation of the molecules is uniform, the 
Fourier analysis involves only terms of the first order, and consequently 
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according to p. 196 only those lines for which A j r — ±1 are to he 
expected. This is in agreement with the observation that the lines of 
the pure rotation spectra are single; for on account of the change in 
the moment of inertia with j r , the' lines corresponding to transitions 
for which Aj r >± would lie very close to those corresponding to 
transitions for which A j r — 1 with other values of j r . This may 
best be seen by drawing a system of energy levels. Actually the 
fine structure to which transitions with A j r > 1 would thus give rise 
is not observed. 

3. Rotation -vibration Spectra 

Empirical. — In addition to the above absorption spectra in the 
far infra-red, the hydrogen halides also possess absorption bands in 
the shorter-wave infra-red between 5p and Ip,. The general structure 
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Fig:- 3. — Coarse structure of the rotation-vibration band of HC 1 at 
about 3'46 /a 


of a typical band of this sort is shown in fig. 3. The form is seen to be 
double (so-called double band) in the sense that a curve draw r n through 
the intensity maxima of the individual lines shows two maxima. The 
wave-numbers of the individual line maxima are very well represented 
by the formula 

v = 2886-20 + 20-5379 M — 0-30318 M 2 — 0-001814 M 3 . 

When apparatus of greater resolving power is used, the lines are found 
to possess a fine structure. The whole hands then present a very 
regular appearance like that shown in fig. 4, which gives the results of 
recent measurements. The distance between the lines is approximately 
equal to that between the lines of the pure rotation spectra (20*5 cmr 1 
as compared with 20*8 cm. -1 ). This indicates the physical cause to 
which the bands are due. namely the vibrations of a molecule with a 
dipole moment, and (superimposed upon these) the rotations. For 
this reason these bands in the near infra-red arc known as rotation- 
vibration bands. 
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Theory of the Bands. — In order to understand the observed regu- 
larities of structure, we shall consider in detail the mechanism under- 
lying bands of the kind under consideration. The individual lines are 
due to transitions of the molecule from one energy state to another in 
accordance with the fundamental relation hv — E x — E 2 . Thus we 
have first to consider the possible energy states of a diatomic molecule, 
which we may think of as a dumb-bell consisting of two heavy spheres 
joined together by a spiral spring. Such a model can possess both 
vibrational and rotational energy at the same time. The sharpness of 
the observed spectral lines indicates that we have to deal with quan- 
tized states. The vibrational energy E v of the molecule is that of an 
oscillator, i.e. according to p. 264 is given by E r = (n v -f- i)hv 0 , where 
v 0 is the vibrational frequency (the vibrations being assumed har- 
monic) and n v is a quantum number which can assume integral values 



Fig- 4. — Rotation-vibration band of HC 1 at about 1-77 f*, 
showing the fine structure under high resolution 

[From Eucken, JLehrbuch der chemischen Physik (Akademische 
Verlagsgesellschaft, Leipzig).] 


only. Neglecting rotation for the time being, we shall expect to find 
spectral lines corresponding to transitions from one vibrational state 
(characterized by the quantum number n/) to another (characterized 
by «»")■ The frequencies of these lines will he given by the relations: 


E/ — E/' 


- {nj 


' ) v o * 


According to this the frequencies (or wave-numbers) of the vibrational 
lines (each of which, as we saw above, is really a double band) must 
be integral multiples of a fundamental value. Actually this is found 
to be only approximately true. The reason for the discrepancy lies 
in the departure of the vibrations from pure harmonicity. As we need 
not prove in detail here, the energy of an anharmonic oscillator to a 
first approximation is E,. = (//,.+ — r(/q. -f- l)\. where a* is 

a measure of the anharmonicity. The observed facts can be well 
accounted for by expressions of this kind. 

Upon this vibrational motion is superimposed the rotation of the 
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molecule. We have seen on p. 366 that the rotational transitions are 
limited by the selection rule A j r — +1. In the case of the anharmonic 
oscillator, on the other hand, the Fourier analysis contains terms of 
all orders, and hence transitions can occur in which the vibrational 
quantum number n v changes by any integral amount. The individual 
lines of a rotation-vibration band corresponding to the vibrational 
transition n v ' ->■ n v " will therefore be given by 

E/ + E/ E„" + E r " . E/ — E r " 

h = ^+ h 

where E/ and E r " are the rotational energies of the initial and final 
v states respectively, and is the 

crrc 1 1 71 v frequency of the line to be ex- 

pected from the pure vibrational 
transition without alteration of 
rotational energy. In fig. 5 this 
is represented in the form of a 
system of energy levels. Only 
four vibrational levels are shown 
(n v = 0, 1, 2, 3) and only three 
rotational levels ( j r =1, 2, 3) 
above each of them. Thus each 
vibrational level acquires a fine 
structure by the superposition 
of the rotational levels. The dis- 
tance between successive vibra- 
tional levels is of the order of 
1000 cm." 1 , while that between 
successive rotational levels is 
only of the order of 10 cm." 1 . 
Consideration of the diagram 
leads us to expect, for each 
vibrational transition, a central line corresponding to the pure vibra- 
tional change without alteration of the rotational energy, and on 
either side of this a symmetrical array of lines at approximately 
equal intervals, corresponding to different rotational transitions. 
The array extending towards greater frequencies must (as may be 
seen from the formula) correspond to changes in the rotational 
energy for which (in absorption) the quantum number j r increases 
by unity — the so-called JR -branch . Similarly the array extending 

towards smaller frequencies must correspond to changes in rota- 
tional energy for which (in absorption) j r decreases by unity — the 
so-called P -branch. The corresponding transitions are indicated by 

arrows in fig. 5. A glance at figs. 3 and 4 (p. 360) shows that the 
observed spectra differ in some respects from those anticipated. In 
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Fig. 5 - — Energy levels involved in the rotation- 
vibration spectrum of HC 1 

On the right: rotational levels, much magnified. 
On the left: vibrational levels; the black regions 
comprise about 15 rotational levels. 
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the first place, the central line corresponding to the pure vibrational 
transition is absent (so-called missing line). This Indicates that the 
molecule cannot alter its vibrational energy without a simultaneous 
alteration of its rotational energy. This can be understood in the light 
of the correspondence principle if rotation and vibration occur in a 
plane. (Aji r = 0 is forbidden — a selection rule somewhat analogous 
to the rule AZ ={= 0 in atomic spectra.) The central line may, however, 
appear for more complicated molecules, and its permissibility is then 
again intelligible on the correspondence principle. 

Another feature of the observed rotation- vibration spectra is that 
the distance between successive lines is not constant, but decreases 
as we pass to higher wave-numbers. 

This systematic alteration of the distance between the lines of a rotation- 
vibration band must be due to the alteration, of the moment of inertia of the 
molecule (see p. 365). The mean moment of inertia of a vibrating molecule must 
be expected to differ from that of the molecule when not vibrating. Moreover, 
the centrifugal force which comes into play during rotation must alter the strength 
of the linkage between the atoms and so must affect the vibrations. There must 
therefore be an interaction between vibration and rotation. This can in fact 
be calculated, and the observed variations of the spacing of the lines can be well 
accounted for. 

Effect of Isotopy. — The above considerations provide a satisfactory 
explanation of all the observed features except one — the doubling of 
the lines for HC1 (clearly visible in fig. 4, p. 367). It can be easily 
proved tbat this doubling is due to the isotopy of chlorine, i.e to the 
existence of two sorts of chlorine atoms with atomic weights of 35 and 
37 respectively. 

If the mass of an oscillating body is increased, the elastic forces being kept 
constant, the frequency is lowered (of. the effect of loading of a tuning fork with 
a pellet of adhesive wax). Thus we must expect the vibrational frequency of 
HC1 37 to be lower than that of HC1 35 . Now the isotopes are present in ordinary 
chlorine in the approximate ratio Cl 37 : Cl 35 =1:3. Hence the intensities of 
their respective effects may be expected to be in this ratio. The data represented 
in fig. 4, p. 367, prove that this is indeed the case for the two components of 
each line. The frequency difference between the components can also be calculated. 
The frequency of vibration of a diatomic molecule is given by the formula 



in which / is the restoring force per unit displacement and p is the reduced mass 
calculated according to the equation. 

11 , 1 

[JL )H X //q’ 

where >/q and >/q are the masses of the two atoms. Since the electronic eon- 
figuration is the same for both isotopes, the value of / is the same for both. It 
follows that the ratio of the two frequencies is equal to the inverse ratio of the 
( i-- nr>7 ) 
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square roots of the reduced masses. The relative difference between the frequencies 
for HC1 35 and HOI 37 (i.e. the ratio of the actual difference to the frequency of 
either) is therefore given by 

___ V 35 37 ___ j /p 35 r 

v v aK v jjt, 37 1300 

In the band shown in fig. 4, p. 367, the average value of v is about 5600 cmr 1 , 
while the observed value of Sv is about 4 cm.' 1 . The agreement with theory is 
seen to be very good. The moment of inertia of the molecule also depends on 
the masses of the atoms, and is therefore different for the two isotopes. A fine 
structure is therefore to be expected in pure rotation spectra as well as in band 
structure due to rotation. These fine-structure separations are small, but have 
been observed in certain cases. 

The effect of isotopy upon vibrational frequencies provides an 
extremely important means, not only of detecting the presence of 
isotopes, but also of determining their masses. Both as regards sensi- 
tiveness and accuracy this method can compete with the direct mass- 
spectrograph method (p. 99), and in many cases has indeed proved 
superior to it. 

4. Molecular Spectra involving Alterations of Electronic 
Energy 

Band spectra also occur (both in emission and in absorption) in the 
visible and ultra-violet regions. Probably the best known is the 
cyanogen band spectrum which is situated in the violet and always 



Fig. 6. — Cyanogen bands 

fFrom Handbuch der Physik , Vol. XXI (Springer, Berlin).] 


occurs in the spectrum of an electric arc between carbon electrodes. 
It consists of several groups of bands, each of which consists in turn 
of several partial bands extending towards shorter wave-lengths from 
sharply defined heads ?5 (see fig. G). Under greater resolution these 
partial bands are found to have a very regular structure of sharp lines 
(see fig. 7). As a result of the most varied experiments on their excita- 
tion and on the properties of the parent molecule, these hands have 
been shown to belong to the compound CN. The distances between 
the partial bands is of the order of magnitude of the vibrational fre- 
quency of the molecule, while the spacing of the lines in the bands is 
of the order of magnitude of the rotational frequencies. It is there- 
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fore assumed (this assumption will be fully justified below) that the 
bands are rotation-vibration bands associated with a simultaneous 



Fig. 7. — Group of bands in the cyanogen spectrum at 
about A = 3883 A.U. Am = o 

[From Graff, Grundriss der Astrophysik (Teubner, Leipzig).] 


alteration of the electronic configuration of the molecule. The rela- 
tively large energy difference involved in the electronic transition 
determines the general position of the spectra, namely, in the visible 
or ultra-violet, which, as we know from atomic spectra, is the spectral 
region corresponding to transitions of this kind. 

Thus three sorts of molecular energy are involved in the emission 
of each line: the electronic, the vibrational, and the rotational. Each 
electronic configuration is associated with a system of vibrational and 
rotational levels like that showm in fig. 8. The energy of the molecule is 



Fig. S. — General diagram of the energy levels of a molecule (not to scale) 

[From Handbuch der Expert mentalphysik, Supplementary Yol. I (Akademische 
Verlagsgesellschaft, Leipzig).] 


determined for the most part by the electronic configuration, but 
instead of one level we have in the first place a series of levels, accord- 
ing to the magnitude of the quantized vibrational energy. These are 
shown in the figure to the left, the vibrational quantum number being 
here denoted by i\ Each vibrational state is in turn associated with 
a series of levels according to the magnitude of the quantized rotational 
energy. In the figure the vibrational levels shown on the left are drawn 
again on the right, each with its rotational levels. In the shaded region 
above the dotted vibrational level on the left the molecule decomposes 
as a result of its energy of vibration. The figure represents a case in 
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which the energy of the molecule when rotating as well as vibrating 
may exceed the critical value for vibration alone. The upper levels at 
the tops of the arrows on the right represent the maximum possible 
rotational energies for the respective vibrational states. Above these 
levels the molecule flies to pieces as a result of its energy of rotation. 

In the case of rotation-vibration spectra we have seen that the 
simultaneous occurrence of rotation and vibration affects the rotational 
and vibrational states to a considerable extent. This was particularly 
noticeable in the rapid decrease of the spacing of the rotational lines 
with increase of frequency. The effect of alterations of the electronic 
configuration is very much greater. Often, indeed, we may speak of 
completely different molecules, having different strengths of linkage 
and different moments of inertia, according as we are dealing with an 
excited or a non-excited state. 

A particular band system corresponds to a large number of transi- 
tions, all of which have a common initial electronic level and a common 
final electronic level. This is proved by the experimental conditions 
under which the system is produced and by the fact that the whole 
system behaves in the same way if these conditions are altered. The 
electronic transition, i.e. the magnitude of the change of electronic 
energy, fixes the general spectral position of the system as a whole. 
Thus, for example, in addition to the violet system of cyanogen bands 
mentioned above there is also a red system, which is ascribed to a 
different electronic transition (p. 379). 

The Rotational Structure of the Bands. — In rotation- vibration 
bands (in the near infra-red, see above) we have two approximately 
symmetrical branches, the P-branch and the R-branch, extending on 
either side of the “ missing line J \ As we mentioned above, visible and 
ultra-violet band-spectra involve transitions between different elec- 
tronic states in which the distances between the atomic nuclei (and 
hence the moment of inertia), being dependent on the forces linking 
the atoms and therefore on the electronic configuration, vary con- 
siderably. In addition, the electronic motions in general possess a 
resultant angular momentum which combines vectorially with that of 
the rotation of the molecxde as a whole. In considering the coarse 
structure, however, this angular momentum may be neglected. Let 
the rotational energies of the initial and final states be respectively 


and 


E/ = g K v 3r'{j r ' + 1) = B'chj/US + 1) 

E r " = s K r ,jr"{j r " + 1) = B "chj”{j r " + 1). 


Then the wave-number v of the. emitted line is given by 

v = V 6 + V. + B'jYOV +1) — B "j r "(j r " + 1), 
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where v e and v v are the contributions due to the changes of electronic 
and vibrational energy respectively. In this connexion it should be 
noted that the presence of an angular momentum of the electronic 
configuration renders permissible transitions without alteration of 
rotational state, so that A j r = 0 is no longer forbidden (compare 
p. 366). Denoting by j the rotational quantum number of the final 
state (i.e. j r " in the above equation for e). we have: 

for \j r = +1: v = v e + v v 4- (B r — B ")j 2 — (B r + B ")j; 

for A j r - 0: i? = * € + v p + (B' - B")/ 2 + (B' - B ")j; 

for A j r -1: v = + v f + (B' - B")(j + l) 2 + (B' + B")(i 4- 1). 

Thus here there are in general three branches. They are known as the 

P-, Q- 5 and R-branches respectively. The quantum number j of the 
final state of the transition may assume any positive integral value, 
including zero, except in the case of the P-branch (A j r = +1). where 
the smallest value of j is clearly 1 (transition 0-^1). Adopting the 
conventions 

^ = A, B' + B" = 2B, and B' — B" = C, 

we obtain for the P-, Q-, and R-branches respectively 
v p = A — 2B j + Cj~; 
v Q ==A+Cj+Cfi; 

= A 4- 2B (j + 1) + C (j + l) 2 . 

If the moments of inertia in the initial and final states are equal, i.e, 
if C = B' — B" = 0, the 
Q-branch reduces to a single 
line with v Q = A, while the 
other two branches extend 
asymmetrically (see formulae) 
on either side. In this case 
the spacing of the lines in 
the P- and R-branches is 
uniform, since the terms in jr 
vanish. 

The structure of a band 
can best be represented by 
means of a diagram of the 
kind first used by Forth at. 
and /-values as ordinates (so-called Fort rat < Hay runt). Fig. 9 shows the 
special ease (C — O) just mentioned. The corresponding spectral lines 
are indicated below the diagram on the same wave-number scale. 



Fi*;. q. — Furr rat diagram of a band (C o) 


Wave-numbers are plotted as abscissae 
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Actually, as we stated above, tbe moments of inertia in the initial 
and final electronic states generally differ markedly, so that C has a 
value different from zero. Consequently the quadratic terms in the 
expressions for v do not vanish. Their effect becomes especially pro- 
nounced for the higher values of j. In the normal case the moment of 
inertia in the initial state of higher excitation is greater than that in 
the final lower state; for the higher excitation means that the electrons 
are on the whole farther from the nuclei, which as a rule means that 
the linkage is "weakened and the nuclei move farther apart. Here 
I' ;> I ", so that B' < B" and C is negative. The corresponding Eortbat 
diagram is shown in fig. 10. Owing to the negative value of C and the 

preponderance of the quad- 
ratic terms for high values of 
j , the R-branch bends back 
as shown in the figure. As 
we see from the spectral lines 
below the diagram, there is 
a crowding together at the 
right-hand end (the so-called 
band head). The band extends 
from this head towards the 
left (i.e. in the direction of 
decreasing v). Such a band is 
| [| 1 1 | || Jj [j! | || HI said to be degraded to the red. 

_ _ ^ .. . . . . Degradation in the opposite 

direction is obtained when 0 
has a positive value, i.e. when the moment of inertia of the mole- 
cule is greater in the final state than in the initial state of the 
transition. In this case an increase of the average distance of the 
electrons from the nuclei increases the strength of the linkage between 
the atoms. The formulae show that here it is the P-branch that bends 
back at the higher values of j. The head of the band is thus on the 
red side and the band is degraded to the violet. 



Analysis of the partial band with its head at 3883 A. in the cyanogen system 
shown in fig. 6, p. 370, gives 2B = 3*843 cm. -1 and C = 0*0673 cmd. The bands 
of this system have no Q- branch. The smallness of C indicates that IT and IT' 
are very nearly equal, i.e. that the moments of inertia of the molecule in the 
initial and final states are nearly the same. Under these circumstances it is 
sufficient to calculate an average moment of inertia l m . According to p. 365 we 
have 


h 

: 8t t 2 cR : 


6-55 X 10~ 27 
12t 3 2 x 3*843 X IO 1 


1*44 


10 “ 


1 gm. cm.-. 


Substituting the known masses of the C and N atoms in the equation 
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we obtain the value r — 1 * 1 (> X 10~ 8 cm. for the distance between the atoms in 
the ON molecule. This is of the order of magnitude to be expected from other 
considerations. It is also of interest to work out the magnitude of the linear 
velocity of the nuclei when they are rotating with the rotational frequency corre- 
sponding to the lowest rotational state. The value obtained is about 100 metres 
per sec. 

Distribution of Intensity. — As may be seen from figs. 3 and 4, p. 366, 
the intensities of the rotational lines in rotation- vibration spectra 
increase to a maximum as j r increases and then fall off again. This 
is due to thermal motions. Just as in the case of translational energy, 
where at each temperature there is a most probable velocity (see 
Vol. II, fig. 5, p. 48), so also there is a most probable rotational energy 
at each temperature. All the other rotational energies, larger and 
smaller, occur less frequently. The smaller the distance between the 
energy levels, the higher is the value of j r corresponding to the most 
probable energy for a given temperature. In many spectra the in- 
tensity maximum lies at a j r - value near to that at which the P- or 
R-branch turns back (see fig. 10, p. 374). Hence the intensity is at its 
greatest by far at the band head. For this reason measurements on 
bands were formerly referred to the band head; but as we have shown 
above, the position of the head is not of very fundamental significance. 
Not until the measurements were referred (originally by Heurlixger) 
to the band origin (i.e. the line for which j r — 0 in the Q-branch) could 
the regularities of the band structure be fully brought to light. 

This distribution of rotational energy is also the reason for the non- occurrence 
of rotation of a diatomic molecule about the line joining the nuclei as axis. The 
moment of inertia about this axis is extremely small in comparison with the 
moment I considered above, which refers to a perpendicular axis. Hence the 
rotational energy 

E, = s ^jJrUr + 1) 

is so high, even in the lowest rotational state (j r = 1). that an appreciable number 
of molecules could only be found in this state at extremely high temperatures, 
i.e. under conditions where the molecules would probably no longer be stable. 
Thus we see that the allocation of a restricted number of degrees of freedom, 
as in the treatment of specific heats, depends ultimately on the quantized be- 
haviour of the molecules in question. The very early conclusions of Boltzmann 
therefore held the germ of the quantum theory — a fact which, as is shown by 
remarks in his papers, Boltzmann himself dimly realized (see footnote to p. 130). 

In consequence of the statistical energy distribution, the distri- 
bution of intensity in the rotational lines depends on the temperature. 
At low temperatures only the levels with low quantum numbers are 
present in appreciable proportion; and at a given temperature the pre- 
ferred levels are lower the greater energy differences between the levels, 
i.e. lower for molecules with lower moments of inertia. The moment 
of inertia of H 2 , for example, is particularly small, on account of the 
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small mass of the H atom. Here even the first rotational level (j r = 1) 
is relatively high, several hundred cm. -1 as compared with about 
20 cmr 1 for HC1 (cf. p. 364). Hence at very low temperatures only 
a very small proportion of H 2 molecules possess even one rotational 
quantum. This means that rotation is practically absent, and with it 
the corresponding degree of freedom. Thus at moderately low tem- 
peratures the H 2 molecule behaves, as regards specific heat, as a 
monatomic gas (see Vol II, p. 45). 

The magnitude of the vibrational frequency of molecules, which 
for H 2 is about 2000 cm." -1 , at once makes it clear why molecules can 
be regarded as rigid structures (e.g. rigid dumb-bells) for considera- 
tions of specific heat. For as a result of the statistical distribution of 
energy amongst all the degrees of freedom, only a small proportion 
of the molecules will have an energy corresponding to these large 
vibrational frequencies. A frequency of 1000 cm. -1 corresponds to 
the mean energy of a gas molecule at 1000° Abs. (see Table XVI, p. 179). 
Only at very high temperatures, therefore, will the number of vibrating 
molecules become sufficient to cause an appreciable rise in the specific 
heat. 

Vibrational Structure of the Bands, — The energy level diagram 
of the CN molecule shows that the vibrational levels are not equally 


Afl=- 2 An- -J A n=~0 An=+1 
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Fig. ii. — Analysis of the band heads of the cyanogen spectrum 
Wave-numbers in Cm ." -1 
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spaced. This is due to the slight anharmonicity of the linkage (p. 369). 
If we neglect the rotational structure, the regularities of the vibrational 
structure of a band system can best be studied by considering the 
position of the band origins. A less accurate but more convenient 
method is to consider the band heads (fig. 11). As was first shown by 
Beslandres, the wave-numbers of the hand origins (or, less accurately, 
of the band heads) can be represented by an equation of the form 

v = a - f- bn + cn 2 , 

in which n has integral values. In order to understand the physical 
significance of the constants a r b. and c of this equation, we shall con- 
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sider the mechanism of production of the lines. We have already 
represented the lines of a band by a general expression involving three 
constants. The wave -numbers in the Q-branch are given by 

v Q = A + Cj + Of. 

If we neglect rotation, the wave-number of the band origin (j = 0)_is 
given by 

i? = A = v e + V v 

(see p. 372). Now, using the energy formula for an anharmonic oscil- 
lator (see p. 367), we may write v v in the form 

** = « + iW[i - x'(n v ' + -I)] - (*/' + i)VTi - *"«' + 4)L 

in which quantities with a single dash refer to the initial state and 
quantities with a double dash refer to the final state. If n v " is kept 
constant, we get a so-called n /-progression, the wave-numbers in 
which are given by an equation of the form 

= A.' -f- B'w*,' + C / (n u / ) 2 , 

where A', B', and C' are constants. Similarly, if n v r is kept constant, 
we get a so-called n v ' '-progression with a general equation of the form 

v* = A" + B "n” + C"(n v ")K 

Both these forms are seen to be that of the Deslaxdres equation 
given above. 

The very satisfactory way in which the wave-numbers of the band origins 
can be calculated from the above expressions is illustrated in Table XXXIII. 

Table XXXIII. — Waye-kumbers of the Baxd Origihs of 
the Violet Cyasogen Bands 


m/ — > n v " 

Observed (ein. -1 ) 

Calculated (cm. -1 ) 

0-0 

2 “>,707*83 

25,797 *83 

0-1 

23,755-44 

23,755-44 

0-2 

21,739-54 

21,730-55 

1-0 

27,021*30 

27,021-38 

1-1 

25,870-00 

25,878-00 

1-2 

23,803*00 1 

23,803*10 ! 

1-3 

21,873-40 

21,873-71 

2-1 

27.902-70 | 

27.002-04 

2-2 

25.045*50 j 

25.940-15 

2-3 

22,050-50 j 

23.050-70 


Comparing the positions of the band beads, as given in tig. 11, with the quantum 
transitions given in the first column of Table XXXI II. we see that transitions 
from a given initial state (i.e. n v ' — constant, say n J — - 0) to different linal states 
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(e.g. n v " — 0, 1, 2, 3) give rise to lines whose distances apart are equal to those 
between the different groups of bands in the band system. This distance is char- 
acteristic of the magnitude of the vibrational quanta. On the other hand, the 
band origins (or heads) of a particular group of bands are all due to transitions 
with the same value of A n v = ?i v ' — Lor example, in the cyanogen system 

of fig. 11 all the members of the first group on the left have A — — 2; the 
members of the second group all have A n v = — 1 ; those of the third all have 
An v = 0; those of the fourth all have A n v — +1. Thus the structure of the 
band groups is an expression of the inequality of spacing of the vibrational levels, 
i.e. is due to the anharmonicity of the linkage. 

5. Electronic Configuration of Molecules 

In many band spectra all the lines are found to be double; in some 
they are all triple. It has been shown that the reason for this lies in 
the multiplicity of all the energy levels belonging to a given electronic 
configuration. On the assumption that all the electrons of a molecule 
form one coherent system, as is the case in an atom, Mtjlliken suc- 
ceeded in demonstrating analogies in the spectra of molecules and 
atoms of corresponding structure. Thus the first excited energy level 
of ReO (and other molecules possessing 9 outer electrons) is double, 
just as for Na with its 9 electrons outside the K-shell. Moreover, the 
separation of the components has the value to be anticipated accord- 
ing to p. 312 for a doublet separation due to electron spin. A large 
number of analogies of tbis kind have been discovered. Further, a 
considerable number of different electronic levels have been deter- 
mined for some molecules, and these have been shown to bear a close 
relationship to the levels of atoms with similar arrangements of their 
external electrons*. The following are some examples of these analogies. 
Analogous to the alkali metals (complete shell -+- I electron) are BO, 
CO+, CIST, and N 2 + , all of which have 13 electrons which may be allotted 
to shells thus: (2K -f- 2K) -f- 8L -f- 1. The molecule N 2 with 14 elec- 
trons [(2K 2K) + 8L + 2] not only shows the multiplicity of Mg 

[2K -f- 8L + 2], but actually has the same component separations 
(20 cmM and about 41 cm." 1 ) as the 2 3 P levels of Mg. The molecule CO 
(14 electrons) is also analogous to Mg. A large number of the electronic 
energy levels of this molecule are known. Their relationships to the 
corresponding levels of Mg are shown in fig. 12. 

From the above facts we learn that the formation of a molecule 
from atoms with completed K-shells leaves these shells intact. This 
is to be expected from considerations of energy; for a very large energy 
would be required to break into a K-shell. The Pauli exclusion prin- 
ciple (p. 331) states that only two electrons can enter the K-shell, so 
that in a molecule only two electrons could encircle both nuclei in 
one-quantum orbits. The other two atomic K-electrons would neces- 
sarily be raised to two-quantum orbits. Hence we must conclude that 
the atoms in the molecule remain surrounded by their own K-shells, 
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whereas (for the light atoms considered above) the incomplete L-shells 
merge into one another. If this were not so, the above molecules with 
13 electrons would not be analogous to 
Na with its 11 electrons, but to A1 with 
its 13. A direct experimental proof of 
the intactness of the Iv-shells in these 
molecules is also furnished by the 
X-ray K-spectra, which are practically 
identical with those of the free atoms. 

The second point that emerges is 
that quantum numbers and vectors, 
such as were introduced in connexion 
with atomic spectra, are also applicable 
to molecules. This is true to a very 
considerable extent, at least for dia- 
tomic molecules. Quantum numbers 
referring to the electronic structure of 
molecules are designated by Greek 
letters corresponding to those used for 
atoms. Thus A corresponds to l and 
A to L. The resultant state of the 
molecule is also symbolized in a similar 
manner. Thus 1 S corresponds to X S 
and 2 LL to 2 P { ,. Symbols of this kind 
are given in fig. 12. The quantum | 
number s is still used for the electron 


t 



Mg 


Fig. 


12. — Relation between the 
electronic energy levels of iVIg and 
CO. (The arrows indicate observed 
transitions.) 


spin. 

When the electronic configuration 
possesses an angular momentum, it is 
the resultant angular momentum (com- 
pounded of the angular momenta of 
molecular rotation and of the elec- 
tronic configuration) which is quantized. The electronic contribution 
includes the electron spins. Several cases may arise with regard 
to the coupling. For example, A and s may be very closely 
coupled, so that they combine to give a quantized resultant i, 
which then in turn combines with the angular momentum of mole- 
cular rotation (here denoted by in) to give the resultant I. Alter- 
natively, the coupling between m and the orbital angular momen- 
tum A of the electrons may be very strong, so that these combine 
to give a resultant A\ which then in turn combines with the spin a* to 
give the resultant I. 

Symmetrical Properties and Rotational Structure. — The behaviour 
of molecules is still further complicated by the non-oceunvnce of 
certain transitions between states characterized by special properties 
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o f symmetry. Since these peculiarities are of great importance, a 
very brief account of them may be given here. In the spectra of mole- 
cules consisting of two similar atoms, e.g. H 2 , a remarkable alternation 
of intensity is observed in the rotational lines. In the bands of C 2 
and 0 2 the alternate lines are completely absent (compare fig. 13, 
p. 382). It has been shown (Hund) that this can be explained by an 
extension of the Pauli principle to the nuclei (p. 350). It was stated 
on p. 350 that the nuclei of certain atoms possess an angular momen- 
tum or spin. The combination of two like atoms to give a molecule 
produces a system which is subject as a whole to quantum laws. Hence 
if, for example, the resultant electronic angular momentum is zero, 
the molecule can execute only rotations with odd quantum numbers 
j r when the two nuclear spins are parallel, and only rotations with even 
quantum numbers j r when the two nuclear spins are antiparallel. 
The quantum-mechanical discussion of this behaviour in the case of 
H 2 leads to the result that the probability of the parallel orientation 
of the nuclear spins is three times that of the antiparallel orientation. 
This is in good agreement with the observation that the intensities of 
the rotational lines in the band spectrum alternate in the ratio 1 : 3, 
and with the experimentally determined ratio of ortho-hydrogen to 
para-hydrogen (p. 352). 

B. ROTATIONS A ND VIBRATIONS OF MOLECULES AND THE 

Scattering of Light 

<6. The Raman Effect 

When a strong beam of monochromatic light (e.g. from a mercury 
vapour lamp) is passed through a liquid (e.g. benzene) which has been 
very carefully freed from all suspended dust-particles and the like, 
the light is observed to be scattered in all directions by the molecules of 
the liquid. This effect is analogous to that referred to in Vol. IV, 
p. 232 (Rayleigh scattering). Its occurrence in the atmosphere 
accounts for the blue colour of the sky. If the direction of the obser- 
vation is chosen at right angles to the direction of the primary beam, 
the scattered light can be investigated independently of the incident 
light. Spectrographic investigation of the scattering gives lines of the 
same frequencies as those of the incident spectrum. 

In 1928 Raman * discovered that the scattered spectrum contains, 
in addition to the frequencies of the incident spectrum, a number of 
new frequencies (so-called Raman lines). The effect is shown e.g. in 
benzene excited by the mercury arc in the visible region. The principal 

* Sir Chandrasekhara Venkata Kaatant, born 1888, Director of the Indian 
Institute of Science, Bangalore. and formerly Professor of Physios at Calcutta Uni- 
versity. He was kni-h;ed in UUO and received the Nobel Prize in Physics for his 
discovery of the effect now known by his name. 
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exciting lines axe here the strong blue and violet mercury lines. The 
Raman lines form a characteristic array on the long-wave side (and 
more feebly on the short-wave side) of each of these primary lines. If 
another liquid is taken instead of benzene, the effect is again observed; 
but now the pattern formed by the Raman lines is different. Thus the 
Raman effect depends on the chemical nature of the scattering sub- 
stance. For any particular substance, e.g. benzene, it is found that 
each primary spectral line gives rise to a set of Raman lines, the fre- 
quency differences between corresponding Raman lines and their primary 
lines being always the same, i.e. independent of the frequency of the 
primary line. These frequency differences or frequency shifts are re- 
ferred to as Raman frequencies . Raman lines corresponding to both 
negative and positive frequency displacements are observed, the 
former being the more intense. Thus in the scattering process a portion 
of the incident light has its original frequency v 0 either diminished or 
increased by certain characteristic Raman frequencies the fre- 
quencies of the Raman lines thus excited being v — Now it 

is found that the Raman frequencies observed in cases like those men- 
tioned above are actually equal to fundamental vibrational frequencies 
of the scattering molecules. Hence in the excitation of the Raman 
line of frequency v = v 0 — v R we may suppose that the incident 
light quantum hv 0 sets the scattering molecule vibrating with the 
vibrational quantum hv K and is itself scattered with the diminished 
energy h(v Q — v R ). Similarly, the Raman line of enhanced frequency 
v' = vq — f— r R is due to scattering by a molecule already vibrating with 
the energy hv R , this energy being given up to the incident light quantum 
in the process. Thus the Raman effect is to some extent the optical 
analogue of the Compton effect. The theoretical possibility of such 
modifications of frequency by molecular scattering had been predicted 
as early as 1923 by Smekal. 

The great importance of the Raman effect as a method of inves- 
tigating molecules lies in the relative simplicity of the technique 
as compared with that of infra-red measurements and also in the 
fact that Raman spectra may contain vibrational frequencies which 
are forbidden in the infra-red. These so-called optically inactive fre- 
quencies cannot occur in direct absorption or emission because they are 
not associated with an alteration of dipole moment and consequentlv 
cannot give rise to (or absorb) electromagnetic waves. In the Raman 
effect, however, they often give the most intense lines. 

Rotational energy may also be transferred from the incident light 
quantum to the molecule (or vice versa) in the scattering process. 
Since here the energies involved are small relative to the vibrational 
energies, the pure rotational Raman lines lie correspondingly closer 
to the primary line. They therefore tend to be masked by the broaden- 
ing of the much more intense primary line on the photographic plate, 
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and can only be observed in certain cases with, refined experimental 
technique. Two examples are shown in fig. 13. 



M- 



Fig. 13. — Rotational Raman effect in oxygen and nitrogen 
[From Zeitschrift fur Physik, Vol. L-XI, 1930 (Springer, Berlin).] 


The alternating intensities in the rotational lines of N 2 are clearly visible in 
the figure. The frequency displacement of the first rotational line is for 0 2 larger 
and for N 2 smaller than the frequency interval between the successive lines. 
From this we may conclude that only transitions between rotational levels of 
odd quantum number are possible for 0 2 , and that the stronger lines of are 
due to transitions between rotational levels of even quantum number (see p. 38<»). 

Transparent solids also give the Raman effect, which thus pro- 
vides ail important method for direct optical investigation of the 
vibrations of crystals. The effect can also be observed with gases. 
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though here the intensity is correspondingly smaller, owing to the 
smaller numbers of molecules in a given volume. 

The intensity of scattering increases with the fourth power of the 
frequency (cf. Vol. IV, p. 232) so that, where the absorption of the 
substance under investigation permits, it is best to use light of as short 
a wave-length as possible. The ultra-violet mercury resonance line 
2537 A. is often used. 

In any case the intensity of the Raman lines is extremely small. 
This is the reason why the effect was not discovered earlier, in spite 
of the fact that all the necessary apparatus had long been available 
and that the effect is quite easy to produce. If a sufficiently intense 
source is used and the light is concentrated as much as possible, the 
Raman lines of organic liquids like benzene can actually be made 
visible. 


C. Linkages between Atoms in Molecules 

7. Ionic Compounds 

Types of Molecules. — The properties of chemical compounds indi- 
cate that it is necessary to distinguish between two types of molecules. 
The first type (e.g. NaCl) forms electrically conducting aqueous solu- 
tions in which the molecule is split up into ions (e.g. Xa+ and Cl“). 
Even in the solid state, the charges must he distributed unequally 
between the constituents; for the vibrations of the crystal lattice 
prove to he optically active (see residual rays, p. 416). * Substances 
of this type usually have relatively high boiling-points and typically 
salt-like character. They are referred to as ionic or electrovalent 
compounds. 

The second type includes organic compounds like CH 4 (methane) 
or C 6 H 6 (benzene). These are characterized bv their extremely low 
electrical conductivity, their relative volatility, and their complete 
lack of salt-like properties. Compounds of this type are referred to as 

covalent or atomic compounds. 

There are many compounds, however, which cannot be allotted at 
once to either of the above two classes. More and more criteria are 
gradually being recognized, but in many cases it is still impossible to 
say in which class a given compound is to be placed. 

Ionic Compounds. — The fact that the individual ions of these 
compounds can be shown to exist m the solid or liquid states or in 
solution is evidence for the view that the linkage is electrostatic in 
character. In the case of NaCl. for example, an electron is transferred 
from the Na atom to the Cl atom and the resulting ions are held to- 
gether by electrostatic attraction. It is easily seen that an electron 
transfer of this kind can only take place when the electron in question 
is more strongly held by the anion (in spite of the net negative charge) 
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than by the neutral atom from which it was derived. We shall see 
below that this statement requires considerable modification. 

Kossnn was the first to remark that the formation of ionic com- 
pounds seems to be due to a tendency for atoms to build up complete 
electron shells or sub-shells, and in particular to assume the con- 
figuration of an inert gas. In fig. 14 atomic numbers are plotted as 



Fig. 14. — Numbers of electrons in observed ions (after Kossel) 


abscissae and numbers of extra-nuclear electrons as ordinates. The 
small circles correspond to the neutral atoms, while the black dots 
correspond to known ions. The positive ions, being formed by loss of 
electrons, lie beneath their parent atoms. Similarly, the negative ions 
lie above their parent atoms. The inert gases are indicated by crosses. 
The figure brings out very clearly the tendency to form ions containing 
those numbers of electrons (namely 2, 10, 18, &c.) which correspond 
to completed shells and particularly to the inert-gas configurations. 
The symbols for the respective electron groups (cf. Table XXVII, 
pp. 336 to 338) are given on the right of the figure. 
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Kossel was able to show that the properties of a number of mole- 
cules can be accounted for, at least qualitatively, by regarding them 
as assemblages of spherical ions held together by electrostatic forces. 
Thus if the series HC1, H^O, NH 3 is supposed to be ionic, the increasing 
strength of the linkages from HC1 to NH 3 (i.e. the decreasing tendency 
to split off H+ in aqueous solution) may be shown to follow from the 
increase of charge of the negative ion (namely Cl', O", 1ST'"). This is 
not immediately obvious, but may be seen from the following simple 
calculation. Let tbe negative ion have a charge ze and a radius r ±9 
and let it be surrounded by z positive ions, each of charge e and radius 
r 2 . The total energy of binding of the whole molecule is then equal 
to the energy of attraction E a between tbe ions minu s the energy of 
repulsion E r . Assuming that the positive ions are touching the central 
negative ion, we have 


E a = 


z 2 e 2 

(*i + *2 y 


The energy of repulsion cannot be calculated without some assump- 
tion as to the arrangement of the positive ions. Assuming that tins 
arrangement has the highest possible symmetry,* we obtain: 

for z = 1, E r = 0; 


for z = 2, E r = 
for 2=3, E r = 


2K + rj 

3c 2 


l-73e 2 


V 3(rj. + r 2 ) (r-L r 2 ) 


Hence with the further assumption that + r 2 ) is the same for all 
three molecules, we obtain the following values for the energy of 
binding, i.e. for E = E a — E r : for HC1, E = e 2 I(r x + for H 2 0, 
E = 3-5e 2 /(ri + r 2 ); for NH 3 , E = 7-3 e 2 /^ + r 2 ). The strength of 
binding may thus be expected to increase in the order HG1, H^O, NH 3 . 
This is in accordance with the decreasing acid character, i.e. decreasing 
tendency to dissociate with formation of hU, which is observed in this 
order. 


The effect of ionic radius may be seen, for example, in the series of molecules 
H a O, H 2 S, H 2 Se, H 2 Te. Here the radius of the negative ion increases progressively 
from O" to Te" the actual values being 1*3 A., 1*7 A., 1*0 A., and 2*1 A. re- 
spectively. The strength of binding shows a corresponding progressive decrease, 
as can be seen from the dissociation constants of the molecules in aqueous solution 
(10 -14 , 10“ 7 , 10 — 4 , and 10 — 2 respectively). 

As a further example -we may take the transition from basic to acidic character 
within a horizontal period of the periodic table. Fig. 15 is a diagrammatic repre- 

* An assumption which certainly does not correspond to the actual molecular 
structures (see Table XXXVI, p. 399). 

( e 95 7 > 
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sentation of the attachment of hydroxyl groups OH to the atoms of the period 
Na to Cl. Eor the sake of simplicity it is assumed that the positive ions all have 
approximately the same radius. On account of the small radius of the H + ion. 



Fig. 1 5. — The hydroxyl compounds of the elements of the third 
period of the periodic table (after Kossel) 


the attraction between O" and H + in ISTaOH is greater than that between Na + 
and O". Hence the compound dissociates in solution to give Ka ,+ and OH'. The 
greater the positive charge of the central ion becomes, the more strongly is the 
O" held and the greater is the repulsion between the central ion and the HL 
The acid character (be. tendency to ionize giving H+) accordingly increases as 
we pass through the series of compounds up to HC10 4 . 

Deformation of Ions. — In spite of their qualitative character, the 
above ideas enable us to summarize a large number of observed facts. 
Certain refinements, however, are necessary; in particular, the model 
in which the ions are regarded as rigid spheres can only be a first approxi- 
mation to the truth. As a second approximation we must take account 
of the displacements of the outer electron “ atmosphere 95 relative to the 
positive nucleus which must arise when ions approach one another 
closely. The existence of such deformations or polarizations of ions 
can be demonstrated by dipole moment measurements (see Vol. Ill, 
p. 104). Tor example, the distance between the nuclei of the HC1 
molecule is known from infra-red spectra (p. 366). If we regard this 
molecule as ionic and assume that the negative charge of the Cl' ion is 
symmetrically distributed about the Cl nucleus, we should expect the 
molecule to have a dipole moment of 

L59 X 10- 19 x 1*78 X 10- 8 = 2*8 X 10“ 27 coulomb-cm. 

The measured value is only 0*46 X 10~ 27 coulomb-cm. Hence if this 
molecule is regarded as ionic, there must be a very marked displace- 
ment of the negative atmosphere of the Cl' ion towards the H + ion. 
This deformation can be calculated and good agreement with experi- 
ment is obtained. 

Stability of the State of Equilibrium. — The existence of ionic com- 
pounds . necessarily implies the existence of forces of repulsion between 
positive and negative ions as the distance between their nuclei is 
diminished. The occurrence of these repulsive forces makes it possible 
for the nuclei to take up equilibrium positions of minimum potential 
energy. The cause of the repulsions may be pictured as follows. 
Imagine a small positive ion (e.g. H + ) brought towards a negative ion. 
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As the distance between the nuclei is progressively diminished the 
positive ion will penetrate into the electron atmosphere of the negative 
ion. Under these circumstances that part of this electron atmosphere 
which lies at a greater distance than the positive ion from the nucleus 
of the negative ion will to a first approximation exert no force on the 
positive ion, just as a charged hollow metal sphere exerts no force on 
a charged particle inside it. Hence the force of attraction on the posh 
tive ion will be diminished by its penetration into the electron atmo- 
sphere of the negative ion. As the distance between the nuclei is further 
reduced, a position of equilibrium will finally be reached, in which the 
repulsion between the similarly-charged nuclei is just balanced by the 
attraction between the positive ion (supposed very small) and the 
inner region of the electron atmosphere of the negative ion. 

8. Covalent Compounds 

Molecules like H 2 , N 2 , Cl 2 cannot be held together by ionic linkages 
of the kind considered above; for they possess no electric dipole 
moment, no infra-red absorption, and no tendency to dissociate into 
ions. Nor can the linkages be effected by the magnetic forces between 
the atoms, which calculation shows to be too feeble. Some explanation 
of the linkages appears to be provided, however, by wave-mechanics. 

. The simplest case is that of the H 2 molecule, which is built up of 
two nuclei (protons) and two electrons. The structure may be expected 
to involve the two nuclei, still separate but surrounded by a common 
electron atmosphere corresponding to the two electrons. The distance 
between the nuclei can be calculated from the moment of inertia of 
the molecule obtained from the rotational terms of hand spectra, 
while the rigidity of the linkage 
(i.e. the restoring force called 
into play on deformation) can 
be calculated from the vibra- 
tional terms. Finally, the dif- 
ferent band systems give in- 
formation about the possible 
electronic states. 

These latter may be expected to 
show a certain similarity to those 
of the helium atom; for the H 2 
molecule may be imagined to be 
obtained by dividing the He nucleus into two equal parts and then gradually 
making these move to the appropriate distance apart. (The difference of mass 
has only a very small effect.) If the separation is carried still farther, we shall 
eventually obtain two separate hydrogen atoms. As may be seen from fig. 16, 
there is in fact a certain relationship between the energy levels in the different cases. 

What kind of force is it, then, that links together the two hydrogen 



Fig. 1 6. — Relation between the energy levels 
of He, H 2 , and H (after Hund) 
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atoms in H 2 so strongly that their separation requires an expenditure 
of about 100 kcal. per gramme-molecule? It cannot be an electrostatic 
force of tlie kind winch effects the linkages in ionic compounds. The 
magnetic forces (e.g. those due to electron spin) are too small; indeed 
the electron orbits of the hydrogen atom in its ground state possess 
no magnetic moment (l — 0). 

We may recall that we were faced with a similar difficulty (p. 273) 
in connexion with the large energy difference between the term-systems 
of He, which were also inexplicable by the magnetic interaction of the 
two electrons. In that case we learned that according to Heisenberg 
it is the exchange energy of wave-mechanical resonance that gives rise 
to the strong interaction. 

Exchange energy of this kind must also be taken into account in 



Fig. 17. — Distribution of charge density (lines of equal 
density) in the electron atmosphere of two mutually- 
repelling hydrogen atoms. 


the case of the H 2 molecule, which likewise contains two identical 
electrons. Evidence for the similarity of the two systems is to be 

found in the relationship between their 
energy levels. In 1928 Heitler and 
London performed the wave-mechani- 
cal calculation. They found that the 
equations give two solutions. As the 
two hydrogen atoms are gradually 
brought together the charge distribu- 
tion around them may assume either 
the form represented in fig. 17 or 
that in fig. 18. In the first case the 
two atoms repel one another at all 

Fig. 1 s. — Distribution of charge distances apart so that a collision 
density (lines of equal density) for between them will be elastic. In the 
mo°iecuit° £en atoms formin8 an second case (fig. 18) the atoms attract 

each other at all distances apart down 
to a certain definite minimum, below which mutual repulsion sets in. 

The variation of the potential energy of the system may be plotted 
as a function of the distance between the nuclei, the curves of fig. 19 
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being obtained. The upper curve corresponds to the case represented 
in fig. 17, in which the potential energy always increases as the dis- 
tance between the nuclei is 
diminished. This means that 
work must be done in bring- 
ing the nuclei together. The 
lower curve corresponds to 
the case represented in fig. 18. 

Here the potential energy 
decreases to a minimum when 
the nuclei are at the distance 
d 0 apart. This minimum re- 
presents a state of stable 
equilibrium (actually the 
ground state of the H 2 mole- 
cule). The energy £> (see 
fig. 19) is the energy set free 
as the distance between the 
nuclei is diminished from 
infinity to d 0 . Hence this 
must also be the energy 
which has to be supplied in 

order to separate the nuclei of the H 2 molecule completely. Heferred 
to 1 gm.-mol., X) is therefore the molecular heat of dissociation. If, 
as fax as is mathematically possible, account is taken of the approxi- 
mation terms in the problem, satisfactory agreement with observed 
fact is obtained, the detailed figures being as follows: 



Fig. 19. — Potential energy of two hydrogen 
atoms as a function of the distance between their 
nuclei. 



Observed 

Calculated 

For H 2 : Heat of dissociation 

Distance between nuclei 

100 kcal./gm.-mol. 
0-75 A. 

87 kcal./gm.-mol. 
0-74 A. 


So far it has not been found possible to carry out the calculations 
for other molecules with sufficient accuracy. The case of H 2 , however, 
indicates the line of approach to an explanation of covalent linkages. 
Already it is possible to give some account of the valency of atoms 
in compounds of this kind. The theory, which was first put forward 
quite empirically by G-. N. Lewis, has been extended and given a 
theoretical basis by the work of London. Lewis pointed out (as Kossee 
had done for ionic compounds) that the formation of stable covalent 
linkages (as in CH 4 ) is accompanied by the completion of electron 
shells. In N 2 , for instance, the strength of the linkage appears to be 
due to the completion of an L-shell by the electrons from both con- 
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stituent atoms; for the similarity of the spectrum to that of an alkaline 
earth (p. 378) indicates that 2 of the 14 electrons are relatively loosely 
bound and obviously belong to an M-shell. The electrons of X 2 may 
therefore be arranged in the groups 2K, 2K, 8L, 2M (p. 378). In many 
cases, however, complete shells appear to be formed around the con- 
stituent atoms by the sharing of two electrons, e.g. in Cl 2 , C 2 H 4 , &c. 
This is especially true of shells of 8 electrons (so-called octets). Con- 
siderations of this kind make it probable that many linkages (i.e. 
covalent chemical bonds) are effected by the interaction of two elec- 
trons, whose exchange energy holds the atoms in question together 
in the manner mentioned above for U 2 . This is the underlying idea of 
LoNnoxr’s theory. The following considerations render it more pre- 
cise. As we see from Table XXVI, p. 332, each electronic state (charac- 
terized by n , Z, and m z ) may be occupied in two ways, the spin of the 
electron in the one case being opposite to that in the other. Thus a 
pair of electrons with opposite spins represents complete occupation 
of any level. This may be expressed by saying that, on account of their 
opposite spins, the two electrons “ neutralize 95 one another. Actually 
such an electron pair contributes nothing to the multiplicity r of the 
level, since their 5-values together give zero and according to p. 329 
r = 22 + 1. Those electrons which possess no partner in the above 
sense may obviously become cc neutralized ” by pairing off with a 
new electron. It is these unpaired electrons which, according to the 
theory, are responsible for chemical combination. An atom possesses 
as many units of valency as it has unpaired electrons. Since the 
number of these is 22, where 2 is the total spin angular momentum of 
the atom, the valency of an atom must be one less than the multi- 
plicity of its energy levels. This conclusion makes it possible to test 
the validity of the theory. As has already been pointed out on p. 329, 
there is good general agreement with observation: the alkali metals, 
which have a doublet state as ground state, are univalent; the alkaline 
earths, which possess a triplet system, are divalent; the trivalent 
atoms possess a quartet system, and so on. To this extent, then, the 
theory agrees with fact. It does not agree with fact, however, if we 
consider the ground states of the atoms. Thus the ground state of the 
alkaline earths is a singlet state, so that according to the theory they 
should have zero valency, i.e. should exhibit the characteristics of an 
inert gas. Similarly, the ground state of A1 is a doublet state (fig. 7, 
p. 288), so that A1 might be expected to be univalent. Other cases of 
the same sort may be cited. The multiplicity which is one greater than 
the valency is first realized in excited states. From this we must con- 
clude that the atoms usually react when in excited states — a con- 
clusion of great importance for an understanding of chemical reactivity, 
reaction velocity, and the action of catalysts. Since in the excited 
states the electrons are raised to levels in which the full possibilities 
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of occupation are not realized, increase of excitation is in general 
accompanied by an increase of valency. Thus, for example, tetra valence 
in carbon corresponds to an excited state. Variable valency may 
therefore be expected in the case of atoms (e.g. those of the transitional 
elements) whose excited states lie relatively close to the ground state. 
Saturation of the units of valency, i.e. formation of covalent linkages, 
must manifest itself in the spectrum of the molecule. This is actually 
found to be the case. For instance, in the combination of N and O to 
form NO only two electron pairs are .formed, one electron remaining 
without a partner. As is to be expected from the theory, the ground 
state of NO is found to be a doublet state. The CO molecule, on the 
other hand, contains no such unpaired electron, and its ground state 
is accordingly a singlet state. The failure of the theory to account for 
observed properties in some cases may be exemplified by the strong 
paramagnetism of 0 2 (Vol. III, p. 410). Here all the electrons must be 
regarded as paired, i.e. c< neutralized ” in the above sense, and it is 
therefore difficult to understand why the molecule should possess a 
magnetic moment. In conclusion we may say that, though we are 
still far from possessing a complete and quantitative theory of covalent 
linkages, a line of approach has been discovered which seems to lead 
in the right direction and is certainly of great importance for the 
problem of chemical kinetics. 

D. The Properties of* Molecules 

9. The Heat of Dissociation 

The above theories of molecular structure, together with the theories 
of atomic structure, throw light on a large number of the properties 
of molecules, especially the regular variation of properties throughout 
a series of comparable compounds. 

The Heat of Dissociation. — One of the most important quantities 
characterizing a molecule is the amount of work which must be 
expended in order to separate the constituent atoms. This is usually 
expressed in calories and is called the heat of dissociation or the heat of 
atomization. It may be calculated from data obtained from the analysis 
of band spectra. As was pointed out in the discussion of the formation 
of H 2 (p. 389), the heat of dissociation may be read off from the curve 
showing the variation of potential energy with distance between the 
nuclei. 

In band spectra where a large number of vibration levels can be 
distinguished, as is often the case in absorption, the band system is 
frequently observed to pass over into a region of continuous absorption 
at the short-wave end. An example is shown in fig. 20, which repre- 
sents the absorption spectrum of iodine in the visible region, the 
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dispersion being relatively small, so that only the band Leads corre- 
sponding to tbe successive vibrational levels appear. At tbe short-wave 
end the band system is seen to be bounded by a region of continuous 
absorption. Now the bands are due to the fact that the molecule not 

him 1 1 1 1 1 i i i i i. 

5000 4 SOODJ! 

Fig. 20. — Absorption spectrum of I 2 , showing continuous region 

[From Eandbuch der Exp erim entalp hysik , Supplementary 
Vol- I (Akademische Verlagsgesellschaft, Berlin).} 


only alters its electronic state by the process of absorption, but also 
its state of vibration (and rotation). The start of the region of con- 
tinuous absorption indicates that over and above a certain access of 
vibrational energy, the molecule can take up energy in any quantity. 
We have encountered similar behaviour in the case of atoms, where a 
continuum occurs beyond the series limit (p. 194). There the con- 
tinuum was explained (pp. 194 and 266) by the loss of an electron 
from the atom when the energy absorbed exceeds a certain amount. 
Over and above this amount the atom can take up energy continuously, 
the excess over the energy of ionization being converted into kinetic 

energy of the electron, which is not subject 
to quantization. The continuous region of 
absorption of molecules can be similarly 
explained. If its vibration becomes too 
energetic, the molecule will fly to pieces. 
Above this critical vibrational energy the 
molecule can absorb continuously, the ex- 
cess over the energy of dissociation being 
converted into kinetic energy of the separate 
atoms, which is not subject to quantization. 

The interpretation of the data is not 
always simple, however, because the con- 
tinuous absorption region is only observed 
in band spectra whose lines involve an 
alteration of electronic configuration. An 
example will make the di ffi culty clear. Eig. 21 shows the energy 
level diagram corresponding to fig. 20, only the vibrational levels 
being shown (i.e. the rotational structure being omitted). The fre- 
quency v g of the limit of continuous absorption corresponds to the 
dissociation of the excited molecule on account of its energetic vibration. 
The corresponding limiting frequency v n of the normal molecule is 
not observable in the spectra. Now it is not possible without further 
information to say what the products of dissociation will be. There 
are various possibilities (see further p. 394), and it is this ambiguity 
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which constitutes tlie difficulty of the method. In any particular case 
it is necessary to investigate the nature of the products of dissociation 
very carefully. In the case of iodine and many other diatomic mole- 
cules (including H 2 ) the molecule breaks up into one normal atom and 
one excited atom. The quantity which is of interest from the chemical 
point of view, however, is the energy or heat of dissociation into two 
normal atoms. To obtain this we must subtract the excitation energy 
of the one iodine atom from the spectroscopically observed heat of 
dissociation D' = hv g (see fig. 21). Here again we encounter a diffi- 
culty, in that without further investigation we do not know the exact 
level of excitation concerned. For iodine it is actually the 2 P^ level, the 
(atomic) excitation energy of which is W' = 0*98 electron-volt. This 
is equivalent to 22*6 kcal. per gramme-molecule. Also v 9 = 6 X 10 14 
sec. -1 , so that hv g — 4 x 10~ 12 erg, which is equivalent to 4 X 10“ 12 X 
6*06 X 10 23 ergs or 56*8 kcal. per gramme-molecule. The required 
heat of dissociation into two normal atoms (D) is therefore given by 
D — T>' — W' = 56-8 — 22-6 = 34*2 kcal. per gramme-molecule. The 
value found by thermal experiments is 34*5 kcal. The agreement 
between the spectroscopic and thermal methods is thus very good. 
In the case of H 2 the region of continuous absorption is observed to 
commence at 849*9 A., the dissociation again giving rise to one excited 
and one normal atom. The corresponding value of D' is 334 kcal. 
The excitation energy of the hydrogen ion can be calculated from the 
first member of the Lyman series A = 1216 A. (p. 183). The value 
obtained is W' = 234 kcal. The heat of dissociation into two normal 
atoms is therefore 100 kcal., a value which is in good agreement with 
that obtained by thermal methods. 

An interesting point may be mentioned in connexion with these 
values. The lines of the band spectra immediately preceding the con- 
tinuous region are found to be quite sharp. Hence the molecule must 
be capable of existence for an appreciable time (at least for several 
vibrations) in the corresponding clearly-defined energy states. The 
energies possessed by the molecule in these states, however, are often 
several times the ordinary energy of dissociation D into normal atoms. 
Thus we see that in certain circumstances molecules may possess 
amounts of energy considerably higher than those corresponding to 
their heats of dissociation (cf. fig. 8, p. 371). 

As may be seen from fig. 20, p. 392, the vibrational lines (and 
hence also the vibrational levels) are closer and closer together as we 
pass towards the region of continuous absorption. Thus in cases where 
the limit cannot be observed directly (e.g. in emission spectra), its 
position can be determined approximately by extrapolation. For this 
purpose the progressive crowding together of the levels is expressed 
by an equation and the extrapolation is made for the energy at which 
the interval between successive levels becomes vanishingly small. This 



394 


MOLECULAR STRUCTURE 


method., which has been worked out particularly by Birge and Sponer, 
has also been found to give satisfactory results. 

Interest attaches to the occurrence of regions of continuous absorp- 
tion in the spectra of the vapours of very strongly polar compounds 
like KC1 and Nal, which were considered above as ionic compounds. 
It has been shown that the long- wave limit of these regions corresponds 
to those energies which, according to thermal data, are required in 
order to dissociate the molecules into two normal atoms. For ELC1, 
for instance, X g — 2800 A., so that hv g — 101 kcal. per gramme- 
molecule. The value found by thermal methods is 105 Hh 2 kcal. (see 
Table XXXIV). From this it follows that the continuous absorption is 
really due to dissociation, and that in the gaseous state absorption of 
electromagnetic energy causes these molecules to break up, not into 
ions, but into normal atoms. 

Table XXXIV gives a comparison of some heats of dissociation, as 
determined by the above spectroscopic methods (D opt ,) and by thermal 
methods (D them .). 


Table XXXIV 


Molecule 

L oP fc. 

kcal. 

D therm. 

kcal. 

Molecule 

Bopt. 

kcal. 

D therm. 

kcal. 

H a 

100 

95-100 

KOI 

101 

105 ± 2 

n 2 

220 


KBr | 

91 

100 ± 1 

Cl 2 

58*5 

57-2 

NaBr 

91 

90-4-6 

I, 

35*2 

34-5 

ELI 

75 

84 ± 1 

CO 

258 | 

(247) 





The Potential Energy Curve. — -The general shape of the curve 
representing the variation of potential energy with distance between 
the nuclei (see e.g. fig. 19, p. 389, for H 2 ) can be calculated from the 
experimentally -determined heat of dissociation and other data obtain- 
able from band spectra. As was pointed out on p. 389, the heat of 
dissociation gives the height of the asymptote of the curve above the 
minimum. The distance between the nuclei at the minimum, i.e. in 
the state of equilibrium, can he calculated from the moment of inertia 
of the molecule in the state of zero vibrational energy. From the value 
of v 0 in the equations of p. 367, i.e. the frequency for harmonic oscil- 
lations of small amplitude about the equilibrium position, the curvature 
of the potential energy curve in the neighbourhood of the minimum 
may be calculated. For the rate of change of potential energy with 
distance between the nuclei (i.e. the slope of the tangent to the curve) 
is equal to the restoring force at the point considered, and v 0 is pro- 
portional to the square root of this force. Other details of the shape 
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of the curve may be deduced from the degree of anharmonicity of the 
vibrations of greater amplitude, be. from the magnitude of x in the 
equation of p. 367. Further information is obtainable from the change 
of moment of inertia, which finds expression in the unequal spacing of 
the rotational energy levels. 

Typical examples of potential energy curves for diatomic molecules 
are shown in figs. 22 and 23, the curves for excited states as well as 




Fig. 22. — Potential energy 
curves of diatomic molecules 
(H 2 ,0 2 , and halogens). 


Fig. 23. — Potential 
energy curves of 
diatomic molecules 
(NO, HgH, &c.). 


that for the ground state being given. The shapes shown in fig. 22 
are characteristic of covalent molecules like the halogens 0 2 and H 2 . 
The molecule is very stable in the ground state, hut electronic excitation 
is accompanied by a loosening of the linkage, i.e. by a diminution of 
the heat of dissociation. Fig. 23 shows the opposite case, in which the 
linkage is strengthened by electronic excitation (i.e. by an increase of 
the average distance of the electrons from the nuclei). This chemically 
interesting behaviour is shown only by molecules (e.g. NO, HgH) 
which have a doublet band spectrum. According to p. 391, this type 
of spectrum, indicates the presence of an unpaired electron, which 
thus seems to weaken the chemical linkage. 

10. The Size and Shape of Molecules 

In the last few years the combination of results obtained by the 
most varied methods has yielded detailed information as to the size 
and shape of molecules. It is now possible to determine, not only the 
relative positions of the nuclei, but also the forces acting between 
them, the nature of their characteristic vibrations, and the distri- 
bution of electric charge in the molecule. 

In the first place, the kinetic theory of gases gives the approximate sizes of 
molecules, the number of their degrees of freedom, and similar general information. 
Chemical methods supply a large number of more detailed features. The most- 
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precise results, however, have been obtained to a large extent from the investi- 
gation of electrical and optical properties. Band spectra give information about 
the vibrations and rotations of molecules and hence, as was shown above (p. 391 
et seq .), about distances between nuclei, moments of inertia, heats of dissociation, 
&c., as well as about the possible electronic states. The spectra of scattered 
light (Raman spectra) provide important complementary information. Erom 
the diffraction effects observed when a beam of X-rays or electrons is passed 
through a gas (fig. 30, p. 251) it is possible to calculate the distances between 
the atoms in the molecule, while conclusions as to the distribution of the electric 
charges can be drawn from investigations of the dielectric constant (Vol. Ill, 
p. 104) or of the Kerr effect (Vol. IV, p. 257). The following is a short account 
of the results obtained by these methods. 


The kinetic theory of gases gives the distances up to which mole- 
cules can approach one another in ordinary thermal collisions. There 
are various ways in which this quantity can be derived. The viscosity 
rj and the molecular diameter d are connected by the equation 


5 = 4-56 X 10- 20 


VM 

va + c y 


in which M is the molecular weight and C is a constant (lying between 
50 and 300) which is introduced in order to allow for the mutual forces 
of attraction between the molecules. A value of d can also be obtained 
from the constant b of the van der Waals equation, using the relation 


b — 



where N is Avogadro’s number. Conclusions as to the size of molecules 
can also be drawn from the distances between the molecules in the 
solid state, as deter min ed by X-ray diffraction. The radius r of mole- 
cules in the liquid state can he estimated from determinations of the 
molar volume Y at very low temperatures. Assuming the molecules 
to be spherical and to be packed together as closely as possible, we 
have 

477 r z 0-74V 

3 — N~~* 

_ These different methods all give values of the order of a few Ang- 
strom. units. The values obtained for He, for instance, are: from 77 , 
1-96 A.; from Y, 4*0 A..; and from 6 , 2*5 A. The corresponding values 
for 0 2 are: 3*0 A.; 3-9 A.; and 2*6 A. EorC 0 2 : 3-3 A.; 4*6 A.; and 3-2 A. 
Another method is available for substances which can be spread in 
layers one molecule thick on the surface of water. Measurement of the 
weight and area of the film gives the area occupied by each molecule. 
The values obtained for d } the molecular diameter, are again a few 
Angstrom units. 



THE SIZE AND SHAPE OF MOLECULES 


397 


A further important question is that of the distances between the 
atoms within the molecule. These can be determined from the dif- 
fraction of X-rays or electrons by the molecules in the vapour state 
(fig. 30, p. 251). Very accurate measurements have been made upon 
the molecule CC1 4 , in which all four Cl atoms are the same distance 
from the central C atom. The results given by the two methods for the 
distance Cl — Cl between chlorine atoms are respectively 2*99 + 0*03 
and 2*98 Hr 0*03 A. The value for C — Cl is found to be 1*82 A. 
A large number of compounds have been investigated. An account 
of the determination of molecular moments of inertia by optical 
methods has already been given (p. 365). Here the measurements 
are made on the rotational structure of band spectra or Haman 
spectra (see e.g. fig. 13, p. 382). Consideration of the results of all these 
investigations for a very large number of organic molecules leads to 
the result that the length of any particular chemical linkage (e.g. 
C = C) is very nearly independent of the rest of the molecule in which 
it occurs. Indeed it is possible to ascribe to each atom a de finit e 
effective radius in each type of combination. Thus in organic mole- 
cules we have the following values: H — , 0*3 A.; C — , 0*77 A.; C=, 
0-65 A.; 0 =, 0-58 A.; N— , 0-7 A.; N=, 0-63 A.; 3S = , 0-55 A.; &c. 
From the experimental data conclusions may be drawn as to the shape 
of the molecule under consideration — whether it is straight or bent, 
and so on. The tetrahedral arrangement of the four 
valencies of carbon, postulated empirically by the 
chemists, has been verified in many instances. 

Another important method of investigation is 
the determination of electrical dipole moments (see 
"Vol. Ill, Table II, p. 104). The number of com- 
pounds (especially organic compounds) which have 
been examined in this way is very large. Almost 
all diatomic molecules with two similar atoms 
(e.g. N 2 , 0 2 , I 2 ) possess no permanent dipole 

moment, whereas molecules with unlike atoms (e.g. HC1, CO, NO) 
possess large moments, i.e. markedly unsymmetrieal charge distri- 
butions. Closer examination of the results shows that a definite dipole 
moment may be ascribed to each linkage between two atoms (e.g. 
C — H, O — H, &c.), even in complicated molecules. In the case of 
triatomic molecules of the type XY 2 it is possible to deduce whether 
the shape (fig. 24) is (a) straight and symmetrical, ( b ) straight and 
unsymmetrieal, or (c) bent. Thus the absence of an electrical dipole 
moment for C0 2 , CS 2 , HgCl 2 , HgBr 2 , Hgl 2 indicates that in the gaseous 
state all these molecules have the straight symmetrical form. In order 
to discriminate between cases (b) and (c) of fig. 24 other methods 
must be used which permit of deductions as to the type of symmetry 
of the molecules. Such methods are the very difficult analysis of the 


y * y 

• • • c&) 
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Fig. 24. — Possible 
shapes of the triatomic 
molecule XY«, 
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vibrational states of band spectra and tbe number and state of polari- 
zation of tbe Raman lines. The molecules H 2 0, H 2 S, and S0 2 have 
been shown to have the bent shape of fig. 24 ( c), while N 2 0 has the 
nnsymmetrical shape of fig. 24 (6). 

From the degree of polarization of coherently scattered light (Tyn- 
dall effect or Rayleigh scattering, Vol. IV, p. 282) conclusions can also 
be drawn as to the variation of the polarizability of the molecules in 
different directions (optical anisotropy). In the scattering process the 
cc electron atmosphere ?5 of the molecule is caused to oscillate with 
the frequency of the incident light. If now the electron atmosphere 
is not equally polarizable in all directions, its oscillations will 
not always be in the same direction as those of the electric vector 
of the incident light, and as a result the scattered light will be partially 
depolarized. 

Another very important method of investigation depends on the 
Kerr effect (Kerr, 1875, see Vol. IV, p. 257), i.e. the appearance of 
double refraction (different velocities of light in different directions) 
when an ordinarily isotropic substance is placed in an electric field. 
The effect is mainly due to the partial orientation of the molecules in 
the field, with the result that the oscillations of the electron atmo- 
spheres under the influence of light become different in the longitudinal 
and transverse directions. From observations of this kind, as from 
observations upon light scattering, it is possible to determine the 
anisotropy of the electrical polarization of the molecules. 

An enormous mass of data has already been accumulated by the 
methods mentioned above. Some of the results, as collected by Sttxart, 
axe given in Tables XXXV and XXXVI. 


Table XXXV. — Data for Diatomic Molecules 



Molecule 


H* 

o 2 

Cl a 

HC1 

Interim clear distance 

0*75 

1*20 

1*98 

1*28 

X 10“ 8 cm. 

Moment of inertia 

0*47 

19-2 

113*7 

2-61 

X 10 — 40 gm. cm. 2 

Gas-kinetic diameter 

2*8 

3*2 

4 

3*5 

X 10~ 8 cm. 

Unclear vibration 1 v 

frequency j y 

12-S 

4264 

4*7 

1577 

1-68 

560 

8-3 

2780 

[ X 10 13 sec. - 1 L 
cm. -1 

Energy of dissociation 

4*4 

5*1 

2-47 

4*4 

electron-volts 

Electric dipole mo- \ 
ment / 

0 

0 

0 

0*24 

X 10~ s e-cm. 




Table XXXVI— Data fob Teiatomic and Tetkatomic Molecules 
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Regularities of Internuclear Distances. — When plotted against 
atomic number, the distances between the nuclei in the hydrides show 
a remarkable periodicity (see fig. 25), the separate parts of the graph 
being nearly linear. We see that the internuclear distance suddenly 
becomes larger where, according to the theory of atomic structure, 
an electron shell or sub-group has been completed and a new shell is 
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being started. Since tte one atom (here H) remains the same through- 
out, these increases of internuclear distance indicate that the linkage 
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Fig. 35- — Internuclear distances in hydrides 


is in each case effected by an electron belonging to a shell outside the 
completed shells of the preceding inert gas. 




CHAPTER VII 


The Structure of Solids and Liquids 

1. The Forces which hold Molecules together 

At sufficiently low temperatures all gases liquefy or solidify, the 
molecules attracting one another and clustering together into a definite 
volume. The molecules must also he capable of repelling one another; 
for very high pressures are neces- 
sary to compress liquids or solids, 
i.e. to diminish the distances be- 
tween the molecules. The varia- 
tion of force with distance must 
therefore have the form shown in 
fig. 1. The repulsion at small 
distances apart increases much 
more rapidly as this distance 
decreases (in many crystals pro- 
portionally to about the ninth 
power — see p. 409) than the 
attraction which predominates 
at greater distances does. 

Origin of the Forces of Attrac- 
tion and Repulsion. — These forces 
are undoubtedly electric and 
magnetic in character. We know 
that many molecules possess 
permanent electric dipole mo- 
ments or have such dipole mo- 
ments induced in them by the internal fields of the bodies of 
which they form a part. Now a dipole exerts a force of attrac- 
tion proportional to I d (Vol. III. p. 1O0) in the direction of its 
axis. In the plane at right angles to tin axis ant passing through its 
middle point the force is zero. For less markedly asymmetrical charge 
distributions the force of attraction falls off more rapidly as the 
distance increases, e.g. for a quadrupole proportionally to 1 r 4 . Hence 
dipoles have a tendency to hold together as shown in tig. A A number 

(f. 4oi 27 



I ig. i. — Variation of the force between two 
molecules with their distance apart: 


OR is the distance apart at equilibrium, 
Z the theoretical breaking stress, 

S the repulsion curve by itself. 
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Fig. 2- 


-Association of 
dipoles 


of compounds are known to exist in the form of double molecules or 
more highly associated molecules even in the gaseous state (e.g. acetic 

acid — double molecules). The cohesion of 
molecules in the solid or liquid state, how- 
ever, appears to he largely due to intrinsically 
feebler dipole moments induced by the intense 
interactions occurring at small distances of 
separation. Those substances (e.g. water) 
whose molecules possess large permanent 
dipole moments even in the gaseous state, 
show additional complications (formation of association complexes) 
in the liquid and solid states. 

The forces of repulsion which come into action at very small dis- 
tances of separation may be regarded as mainly due to the mutual 
repulsion between the similarly charged nuclei. The way in which this 
repulsion increases in effect as a small positive particle (positive ion 
or positive nucleus) penetrates into the electron atmosphere of an 
atom (or molecule) has already been discussed on p. 87. 

Ionic lattices (e.g. crystalline NaCl) form an extreme case of the 
holding together of a solid by electrostatic forces. Here the molecule 
loses its individuality altogether, each ion being surrounded by an 
equal number of neighbouring ions of the opposite kind, which in 
many cases all bear the same relationship to it. Thus in crystalline 
NaCl (rock salt) each Na + ion is surrounded symmetrically by six Cl' 
ions and each GT ion by six Na + ions (see Vol. I, fig. 18, p. 276). 

As a result of the regular structure of lattices of this kind, in which 
the atoms preserve a certain individuality, all these so-called simple 
solids exhibit marked general regularities in their behaviour. Over a 
wide range (to a specific heat of C. #J = 0*3 cal. per gramme) they have 
a heat content U which is proportional to T 4 , so that the specific heat 
is proportional to T 3 . Again, the volume or linear expansion between 
two temperatures is proportional to the corresponding change of 
internal energy, i.e. the coefficient of thermal expansion is propor- 
tional to the specific heat. 

Thermal Expansion. — In solids the atoms in general occupy certain 
positions of equilibrium, about which they may perform oscillations 
but from which they cannot migrate. 


The change of position of atoms in solids lias hoen investigated in certain 
eases by means of radioactive isotopes (e.g. lead), whose progress through the 
main bulk of the solid may be detected. Experiments of this kind have shown 
that a slow exchange of places between atoms (self-diffusion) occurs even in solids. 
This, however, is very slow, especially at low temperatures. 


The equilibrium position corresponds to the point R of the force 
curve of fig. 1. p. 401. Since the slope of the curve is not tin* same on 
both sides of this point, a greater force is required to diminish tile 
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distance of separation (i.e. the abscissa) by a certain amount than to 
increase it by the same amount. Hence the oscillations of the mole- 
cules about the equilibrium position must be asymmetrical, and as 
the amplitude of oscillation increases (i.e. as the temperature rises) 
the mean position will move farther and farther to the right in the 
figure. Macro scopically this is observed as an expansion of the body. 
Thus the expansion of a solid is due to the asymmetry of the potential 
energy curve. 

The Melting Process. — As the amplitude of oscillation becomes 
greater and greater, the individual atoms or molecules eventually 
collide 55 with one another, i.e. approach so close to one another that 
their interactions prevent them returning to their original equilibrium 
positions. When this happens for a sufficiently large number of atoms 

or molecules, the whole crystal structure __ 

breaks down and the solid melts. In this \ ’ 

connexion it is a remarkable fact (Gruneisen) I 
that all simple solids expand by about 1/13 in 
the temperature range from the absolute zero 

to the melting-point (which is very different j W&g- f | 

in different cases). j 

2. Crystals j ■' • 

Structure of Solids. — Solids are charac- 
terized by their elasticity of volume and i 
shape, i.e. they possess a definite volume and 
shape which return to their original values ' 1 

on the removal of deforming forces. Solids . 
may be either crystalline or amorphous (Vol. 

I, p. 269). Amorphous bodies, such as glasses, i 

may be regarded as liquids of very high vis- 
cosity. In the case of crystalline bodies it is 
necessary to differentiate between those which ' 

have a completely regular structure through- 
out (single crystals) and those which consist of 
an assemblage of a very large number of [ 

crystalline fragments in random orientation — - y 

(microcrystalline or polycrystalline bodies). 

The single crystal may be regarded as the crystaiof chrome* aiumfrom 

- t i 1*1 a sphere (after Ci anther). 

ideal solid. 

A il , it- From Die Xattincissenstfiaften 

s a rule a homogeneous non-crystalline o y3 o) (Springer. Berlin).] 
substance is isotropic, i.e. its properties (such 

as refractive, index for light, velocity of propagation of sound, 
thermal and electrical conductivities, &o.) are independent, of the* 
direction in which the light, sound, heat, or electric current 
passes through. Crystals, on the other hand, are anisotropic, i.e. 
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their physical properties are different in different directions. There 
is a definite direction in a crystal in which the physical properties have 
maximum or minimum values. A flake of graphite, for example, has 
an electrical conductivity along its plane which is 100 times that in 
a direction normal to its plane. In a cubic crystal of rock salt the 
velocity of sound parallel to a diagonal of the cube is 15 per cent less 
than that parallel to an edge (cf. also Vol. I, fig. 2, p. 198). Amorphous 
and crystalline bodies also differ in their behaviour towards a solvent. 
A sphere of glass immersed in hydrofluoric acid remains spherical as 
it dissolves; but a single crystal (e.g. of NaCl), when ground into a 
sphere and suspended either in water or in saturated salt solution, 
develops characteristic facets as it dissolves or as more salt crystallizes 
out on it (fig- 3). 

Most crystalline bodies are poly crystal line. Only a few minerals occur naturally 
in perfectly formed single crystals suitable for investigation. Various methods 
have been devised for the preparation of single crystals. Large crystals of salts 
may be deposited from saturated solutions under suitable conditions. Small 
added crystals, which act as nuclei for deposition, can often be left to grow. In 
most cases, however, there is an upper limit to the size of the single crystals which 
can be prepared in this way. Larger crystals are obtained by placing a small 
single crystal in a certain orientation in the molten substance. It is possible to 
arrange for the whole melt to solidify to a single crystal with the orientation of 
the added nucleus. In another method an added single crystal is withdrawn from 
the melt at a certain velocity, so chosen that the deposition of the solid upon it 
gives a large crystalline mass. In this way single crystals weighing several 
kilograms may be prepared. Poly crystal lino wires may suddenly pass over into 
more or less large single crystals when loaded almost to the 
breaking-point. If the load is too great, the planes of the single 
crystals glide over one another in the manner illustrated for a 
single crystal of cadmium in Vol. I, lig. 17, p. 210. This gliding 
is favoured by high temperature. Imperfect crystals may be 
rendered more nearly perfect by annealing (maintenance at a 
definite temperature) and slow cooling (see Vol. I, figs. 7, 8, and 
9, pp. 269 and 270). 

Crystal Structure. — -The regular external shapes of 
crystals and the differences of properties in different 
directions are evidence of a perfectly regular internal 
structure. The diffraction of X-rays and electrons by 
crystals (pp. 63 and 243 respectively) proves that the 
ticestructure'of structure consists of a regular lattice of diffracting centres. 
caicite(CaCo 3 ). The lattice spacings can be determined by means of the 
r- - Ca Bragg relationship (p. 68). Information as to the nature 

* ~ q °f the diffracting centres is obtainable from tin 1 inten- 

sities of the diffracted beams. The distribution of in- 
tensity in the diffraction pattern also throws light on the arrange- 
ment of the different centres within the space lattice. In the ease 
of salts which are strong electrolytes it has been found that the lattice 
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points are tlie ions ( ionic lattice). Thus hTaCl has a cubic lattice con- 
sisting of 3STa + and Cl' ions (see Vol. I, fig. 18, p. 276). Polyatomic ions 



a 

\ a) Diamond (linkages of the aliphatic 
type) 

Fig. 5 - 


b 

c b ) Graphite (linkages of the aromatic 
type) 

-Lattice structures of carbon 


/ 



Fig. 6. — Contours showing the distribution of electric charge-density in crystalline 
hoxachlorbenzene C,iCl i5 (after Lonsdale). The dotted contours refer to a plane lying 
below that of the figure. Four C B C1 B molecules are represented in the main plane of 
the figure. In each of these are seen f) markedly deformed C atoms surrounded by fj 
less deformed Cl atoms. 

[From Prae. Roy. .S'or., A., Vol. CXXXIIl (i<>3i).J 
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like NOg" and C0 3 ' are built into crystal lattices as distinct units (see 
fig. 4). In certain cases a more or less well-defined grouping of certain 
atoms occupying lattice positions may be recognized (molecular 
lattices, Vol. I, p. 276). Special interest attaches to those lattices in 
which the atoms are arranged in layers , the forces holding the different 
layers together being much smaller than those holding together the 
atoms in any one layer. An example of this is graphite (fig. 5b), the 
properties of which are in strong contrast to those of diamond (fig. 5a, 
non-layer type of lattice). Fig. 6 shows the extent to which information 

can be obtained about the distribution 
of electric charge-density in particular 
cases. 

A crystal lattice may be thought of as 
built up by the arrangement of unit cells 
side by side (fig. 7) or by the piling up 
of parallel lattice planes. In a simple 
cubic lattice, for example, the unit cell 
is itself cubic (see Vol. I, fig. 17, p. 275), 
having atoms at each corner and also 
in many cases an atom at the centre of 
the cube (body-centred lattice) or at the 
centre of each of the cube faces (face- 
centred lattice). See fig. 8. 



b 123 U i h 7~b A.U 

Fig. 7. — Unit cell of 
corundum (AUO3) 




f From H andbuch der Physik t 
Vol. XXIII, Part 2 (Springer, 
Berlin).] 


Fig. 8. — Cubic lattices: 

( a ) face-centred and (b) body-centred. 


In the KC1 crystal the Cl' ions alone and the K + ions alone each 
form a face-centred cubic lattice. The same is true of the 4 halides of 
Li, Na, K, and Rb. The simple cubic lattice, built up of only one kind 
of particle, does not occur in nature, but many body-centred cubic 
lattices are known. This latter type may be considered as derived 
from the interpenetration of two simple cubic lattices, the corners 
of the one occupying the body-centres of the other. This is the 
kind of lattice in which CsC.-l, CsKr, Csl, TILL and the halides of 
NH 4 crystallize, the positive ions in each case forming one simple 
cubic lattice and the negative 1 , ions the other. The metals Li. Na, 
K, V, Cr, Mo. \Y. Fe ft , and Ta also crystallize in body-centred 
lattices, all the lattice points being here occupied by atoms of the 
same kind. Some metals, e.g. Cu, Ag, An. Ua, Pb, Fe at high 
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temperatures, Fe y , Al, Pd, and Pt, crystallize in face-centred cubic 
lattices. 

For some compounds, and especially for metals, the crystal struc- 
ture depends on the temperature. Different solid phases exist in 
definite temperature ranges. Thus in the case of iron it is possible to 
differentiate between a-, /?-, y-, and S-phases. At lower temperatures 
the stable form of iron is the a-phase (body-centred cubic lattice), at 
higher temperatures the y-phase (face-centred cubic lattice). 

Table XXXVII (after Grimm) gives the interionic distances in the 
alkali halide lattices of the NaCl type (mostly determined by X-ray 


Table XXXVII. — Interionic Distances (in A.TJ.) in the 
Alkali Halides 



F 

A 

Cl 

A 

Br 

A 

r 

Li 

2- 02 

(0-55) 

(2-57) 

0-175 

(2-745) 

(0-265) 

3*01 

A 

0-32 


(0-25) 


(0-265) 


0-24 

Xa 

2-34 

0-48 

2-821 

0-19 

3*01 

0-24 

3-25 

A 

0-35 


0-31 


0-29 


0-30 

K 

2(59 

0-44 

3-13 

0-17 

3-30 

0-25 

3-55 

A 

(0-19) 


(0-16) 


i 0-165 


(0-15) 

Rh 

(2-88) 

(0-41) 

(3-29) 

(0-175) 

3-465 

(0-235) 

(3-70) 


closest 


diffraction). The A-values also included in the table are the differences 
for pairs of corresponding salts. We see that the interionic distance 
increases when a lighter anion or cation is replaced by a heavier. This 
suggests that a definite size (or rather a definite sphere of action) may 
be ascribed to each ion, the distance between a pair of ions in a lattice 
being obtained by simply adding their effective radii. 

On this view crystals may be regarded as built up by the 
possible packing together of spheres. 

The distances between the lattice points 
can then be calculated from the molar 
volume. The bracketed values in Table 
XXXVII were obtained in this way. 

The occurrence of different crystal forms 
can also be understood in terms of the 
packing together of spherical atoms. 

As has been shown in particular by 

Goldschmidt, a large number of observed facts can be explained in 
this way. Fig. 9 illustrates, by a two-dimensional example, how the 
relative sizes of the units may affect the way in which they park to- 
gether. Here the arrangement, shown on the left, in whb-h the smaller 
unit is surrounded by larger neighbours, is possible up to the ratio 

of radii 0*41 : 1 . When tin' packing is in space, four neighbours are 



Kig. g. — Effect of the relative sixes of 
ions on the type of packing 
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possible (tetrahedral configuration, as in ZnS) up to the ratio of radii 
0*41 : 1. Then the arrangement with six neighbours is stable up to 
the ratio 0*73 : 1 (rock-salt lattice type). Thereafter an arrangement 
with eight neighbours becomes stable, the units occupying the corner 
points of two interpenetrating cubic lattices (CsCl type). The assump- 
tion that the lattice distances in crystals are simply the sums of the 
effective radii of the ions concerned holds fairly well for the alkali 
halides; but for other salts it is less satisfactory, on account of the 
effects of the ions upon the charge distribution of their neighbours 
(polarization and deformation). The effective sizes of the ions, as 
calculated from their distances apart in crystals, are not completely 
filled by the ions. The determination of the “ true ?? ionic magnitudes 
presents many difficulties. A satisfactory estimate can only be made 
for ionic compounds, in which the forces between the ions are more 
amenable to discussion. Table XXXVIII gives some ionic radii as 

Table XXXVIII.— Ionic Raoii in A.U. 


Group 

Group 

VI A 

VI I A 

o 

Ia 


HIab 

iv AB 

IB 

IIb 

IIIb 

O" 

F' 

No 

Na* 

Mg" 

A1 * 

Si**** 




1*3 

1*3 

1*17 

0*98 

0*7 

0*55 

0*4 




S" 

or 

A 

K* 

Ca** 

Sc*** 

Ti ... 

Cu* 

Zn * 

Cl A* * * 

1*8 

1-8 

1*4 

1*3 

1*0 

0*8 

0*05 

0*9(5 

0*8 

(M> 

So" 

Br' 

Kr 

Rb* 

Sr** 

Y * 

Zr — 

Ag- 

Cd" 

In * 

1*95 

1*95 

1*6 

1*48 

1*2 

1*0 

0*85 

1-2 

1 -0 

0*85 

To" 

T 

Xc 

Oh- 

Ba * 

La * 

Co — 

Air 

Hg-- 

Tl * 

2*2 

2*2 

1*75 

1*05 

1*4 

1*2 

lAU 

1*4 

1-1 

1-0 


deduced from interionic distances in crystals and from wave-mechanical 
considerations. All the ions in a horizontal row have the same number 
of extramiclear electrons. Within such a row the ionic radius de- 
creases as the nuclear charge increases. This is to be expected; for an 
increase of nuclear charge means a greater attraction between the 
nucleus and the surrounding electron atmosphere. Comparison of the 
ions in a vertical column shows that the radius increases as the element 
becomes heavier. This is due to the extra electron shells of the heavier 
atoms. 

In order to arrive at a more detailed theory of how the atoms in 
crystals are held together, we must be clear about the forces which are 
acting. From the regularity and permanence of the arrangement of 
the crystal units, it is clear that these must be in equilibrium. Two 
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ions at a relatively large distance apart act on one another like point 
charges, i.e. they attract one another or repel one another according as 
they are oppositely or similarly charged- At smaller distances apart, 
however, two oppositely charged ions must repel one another; other- 
wise there could be no position of equilibrium at a definite distance 
apart. The force F between two oppositely charged ions of charges e x 
and e 2 at a distance r apart may therefore be written in the form 


where b and m are constants. The first term represents the Coulomb 
attraction, while the second (of opposite sign) represents a repulsion. 
The index m is large in comparison with 2, so that for small values of r 
the repulsion overcomes the attraction. Wave-mechanics offers the 
possibility of calculating the potential energy of two ions at these 
small distances apart, without any special assumptions concerning 
the forces of repulsion. 

If the ionic radii in a lattice are known, the lattice energy can be 
calculated in simple cases. By lattice energy we mean the work which 
would have to be done in order to break down 1 gm.-mol. of the crystal 
completely into 1 gm.-atom of gaseous positive ions and 1 gm.-atom 
of gaseous negative ions. In the gaseous state the ions are supposed 
to be very far apart. Using the above equation for the force between 
two ions, we can calculate the potential energy of the whole lattice by 
summing the contributions due to each pair of ions. The calculation 
is difficult and can only be performed in simple cases. It is simplified 
by the introduction of the so-called Madelunci summation factor a, 
which has a definite value for each type of lattice, depending upon the 
spatial arrangement of the ions as determinable by X-ray analysis. 
If we regard the ions as perfectly rigid spheres, the lattice energy is 
given by the equation 

X-V 2 a 

L - - y 

V 1 + r 2 

in which X is Avogadro’s number, 2 the number of charges on the ion 
of lower valency (e.g. z = 1 in CaCL> and z — 2 in CaO), e the elemen- 
tary charge, and ■r 1 and r 2 the respective ionic radii. Born modified 
the calculation by taking into account the deformabiiities of the ions. 
He then obtained the expression 


A _ , \ 

T 1 + r '2 \ ' V 


in which >1 is the index in the expression for the jiotential due to the 
forces of repulsion. For crystals of the NaCL type n, -- 9. 
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These theories may be compared with observation by considering 
the following cyclic process for NaCl (Bokn and Haber). A gramme- 


[Na] h- (iCU) 


+ B 


4 

[NaCl] 

crystal 

T SjsraCl 


-s Na - m 


~f" Lx.nCl 


(NaCl) * 
vapour 



molecule of the crystalline salt may be imagined to be formed either 
directly from one gramme-atom of solid sodium and half a gramme- 
molecule of gaseous chlorine,* in which case the heat of formation B 
is set free, or alternatively by the following processes: 

(1) The solid sodium is vaporized so as to give sodium atoms, and 
the chlorine is dissociated so as to give chlorine atoms. This step 
requires the supply of the gramme-atomic heat of sublimation (S Na ) 
of sodium and half the gramme-molecidar heat of dissociation (|-D cla ) 
of chlorine. 

(2) The sodium atoms thus obtained are ionized, the electrons 
removed from them being transferred to the chlorine atoms to give 
chlorine ions. This step requires the supy>ly of the energy of ionization 
(I^a) °f a gramme-atom of sodium and the liberation of the energy E rl 
corresponding to the electron affinity of the chlorine. 

(3) The crystal lattice may now be built up directly from the Na + 
and Cl - ions, the lattice energy L Na( ^ being thereby set free. Alter- 
natively, the ions may be allowed to combine in pairs to give NaCl 
molecules (a process in which the heat of formation V Nn( <i of NaCl 
from its ions is liberated), and finally these gaseous molecules may be 
allowed to come together to form the crystal (with liberation of the heat 
of sublimation SxaOl)- In both cases the end product is one gramme- 
molecule of crystalline NaCl. 

The direct heat of formation B from the elements (see above) may 
therefore be expressed by the equations: 

^ ™ (^Na, + IbUn + Ixn) 1^0 1 + I J XaCl 

* Square brackets denote the solid state and round brackets the gaseous state. 
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or B = — (S^a + i^CLs + ^Na) + E C1 + V Na0 + S^TaCl- 

By means of the first of these equations the lattice energy L can be 
calculated from observable quantities and the result compared with 
the theoretical value. The agreement obtained is good. 

The theory also enables us to calculate a number of other physical 
properties. Tor instance, a detailed calculation shows that in all binary 
salts (i.e. salts with two ions) the compressibility depends only upon 
the interionic distance. This deduction is confirmed by experiment. 
The actual values of the compressibility give the index m which occurs in 
the repulsion term (see p. 409). This is nearly always approximately 10. 

There are, however, a great many properties which cannot be 
accounted for satisfactorily by the theory. Thus from the law of 
force between the ions it is possible to calculate the breaking stress 
of a salt (Vol. I, p. 210). The value obtained for NaCl is 2 X 10 10 
dynes/cm. 2 . Experiment, however, gives a value nearly 1/400 of this, 
namely 5*3 X 10 7 dynes/cm. 2 . If the determination is carried out 
under "water, the result observed is considerably nearer the theoretical 
value. The remarkably low value obtained in air must therefore 
be due in part to imperfections and tiny cracks in the surface of the 
crystal under investigation. 

This example shows that the theory explained above is not capable 
of accounting for all properties of real crystals. As has been pointed 
out by Smekal in particular, the reason for this seems to be that the 
perfectly regular lattice arrangement assumed in the theory is only 
realized, even in the most perfect crystals, over small regions con- 
taining about 10 5 to 10 6 moleciiles. The large single crystal is made 
up of many such regions placed together with mutual displacements 
and probably also different orientations ( mosaic structure). Between 
the elements of the mosaic there are crystal imperfections * at which 
the forces holding the crystal together are impaired. Those imperfec- 
tions appear to play an essential part in many phenomena (e.g. the 
effects of small traces of impurities, which may take up positions at 
the imperfections, on electrical conductivity, mechanical properties, 
phosphorescence, photo-electric conductivity, diffusion phenomena. 
See . ) . 

There is also a discrepancy between the observed and the theoreti- 
cally-calculated dielectric strengths (Vol. Ill, p. (>(>()) of c rystals. The 
break-down field strength observed experimentally for Nab! is about 
2 X 1 0 5 volts/cm., whereas the value to be expected from the lattice 
theory is 1*5 X lli 8 volts/cm. This is the calculated field strength 
required to pull the ions apart from their combination iti the lattice, 
and so to initiate an electric discharge. Jofff appears to have attained 
the 1 theoretical dielectric strength with very thin crystal layers, e.g. 


* tier. Lockeratellen. 
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mica plates. The reason for the discrepancy between theory and 
experiment lies partly in the fact that the ions in the crystal perform 
thermal motions, as a result of which the lattice linkages are not so 
strong as is assumed in the theory. To improve the agreement, the 
measurements of dielectric strength must be made at sufficiently low 
temperatures, for which the thermal motions are small. Moreover, 
the applied electric field sets free those ions which are at imperfections 
in the crystal and thus are less strongly held than the rest. These 
ions may then be accelerated by the field and may liberate other ions 
from the lattice by collision. In this way a discharge may be set up 
and break-down of the crystal may ensue. In very thin crystal layers 
the length of path of a moving ion is very small and so also is the 
number of ions which it can liberate by collision. Hence there is no 
possibility of a break-down being started in this way (compare Vol. 
Ill, p. 339); only a small current can be detected. For glass and mica 
it is found that the dielectric strength, which for layers of ordinary 
thickness is about 3 X 10 5 volts/cm., gradually rises as the thickness 
is diminished to 2 X 10~ 5 cm., until it almost attains the theoretical 
value. Further decrease of thickness then produces no further change 
in the dielectric strength. 

3 * Vibrations in Solid Bodies 

In consequence of their thermal energy, the individual lattice 
points of a crystal execute vibrations relative to one another. The 
lattice energy L (the lattice points being assumed at rest) is thereby 
increased by the thermal energy U, given by the equation 

U = f V C v dT. 

Jo 

The specific heat C v at constant volume is not a constant, but falls 
off rapidly at low temperatures (see Yol. II, p. 44). 

The Specific Heat of Solids. — The approximate validity of the rule 
of Duloxg and Petit (Vol II, p. 24) at medium temperatures shows 
that we may expect similar behaviour from all simple solids, i.e. 
solids which are built up of similar atoms, so that all the lattice points 
may he regarded as being equivalent. The value of the constant in the 
rule of Dulono and Petit, namely Q v = 6 cal. per gramme-atom, 
indicates a distribution over six degrees of freedom (Yol. II, p. 41). 
The atoms in the lattice can perform oscillations in all directions about 
their positions of equilibrium. Now three-dimensional oscillators of 
this kind (assumed harmonic) do indeed possess six degrees of freedom, 
three for kinetic energy and three for potential energy. 

The marked decrease in the specific; heat at low temperatures 
means that the number of degrees of freedom must be decreased; 
certain vibrations must cease. The reason for this lies in the quanti- 
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zation of the behaviour of the atoms. As has been shown on p. 264, 
the possible energy states of a linear oscillator are given by the equation 
E — (n T- \)hv, where n is an integer. Transference of vibrational 
energy from one atom to another therefore cannot occur in amounts 
less than hv. 

Now thermal energy is distributed amongst the atoms. Continuous 
(non-quantized) distribution is governed by the Maxwell-Boltzmann 
law (Vol. II, p. 47) which in the case of two degrees of freedom gives 
the result that the number N E of molecules with energies exceeding 
E is 

N e = Ne- B '* T , 

where N is the total number of molecules considered. An oscillating 
atom, considered as a linear oscillator with one frequency, possesses 
two degrees of freedom. The above result remains true for such an 
oscillator even when the energy distribution is no longer continuous 
(as for kinetic energy of translation) but quantized (as for vibrational 
energy). The sole difference is that in the latter case only certain 
definite energies, given by E = (n + ^)hv, are permissible. We may 
ignore the zero-point energy \hv, as it contributes nothing to the 
specific heat. We are then left with the possible energies E = hv, 
2 hv, Shv, Sec. According to the law of distribution, the numbers 
of atoms possessing energies greater than nhv and {n + 1 )hv are 
respectively 

and 


By subtraction, therefore, the number N n of atoms possessing exactly 
the energy nhv is 

N n = Ne~ ^'* T (1 — e~^ T ) = 

where K = 1 — e -hv}krr j g a constant at a given temperature. 
Thus the number of atoms possessing one vibrational quantum is 
N x = KNe _Al ' :kri '\ the number possessing two vibrational quanta is 
N 2 = KNe~ 2A, ' ;/jT ? and so on. The total energy of all the vibrating 
atoms is obviously given by 

U = hv{ N, + 2N 2 + 3N 3 + . . .) 

= KN hv(e-W v 4- '2e~' lhl,;krv + 3e~ :5/ " +...). 
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Substituting the value of K as given above, we obtain 


U = N/u 


, — hv.'k T 


Tshi 


o — fwjk'T gtii’jk T 


If we consider a gramme-molecule, we have N h = R (see Vol. II, 
pp. 39 and 41). We may also introduce the quantity 6=hv/Jc — 
4*78 X lO- 11 ^. We thus obtain 

u= 

e »rr _ \ 


The specific heat G v per gramme-molecule is obtained by differentiating 
with respect to T, which gives 

__ c?U _ R(0/ T) 2 e^ T 
° • — dT ~ (e®' T — l) 2 * 

This value of C v must be multiplied by 3 on account of the fact that 
the oscillators are not linear (2 degrees of freedom) as assumed 
above, but spatial (6 degrees of freedom). It is then in good agree- 
ment with experiment, as far as simple solids (p. 402) are concerned 
(compare Yol. II, p. 44). 

The quantity 6 has the dimensions of a temperature, and is called 
the characteristic temperature. It is directly proportional to v for any 
substance and represents the temperature at which hv = h T in accor- 
dance with classical theory. 

By means of the above equation it is possible to deduce 0 from the experi- 
mentally-observed variation of 0 V with T. Hence the percentage of the atoms 
possessing n vibrational quanta at any given temperature ean be calculated. 
Thus diamond has the very high value 0 = 1295 and the distribution of vibrational 
energy amongst the atoms at T = 130° abs. is 99-995 per cent with n -- <) and 
0*004 per cent with n — 1. Thus even at this relatively high temperature the 
thermal energy of vibration is practically non-existent. Even as high as T — 38f> J 
abs. (i.c. -j- 113° G.) the distribution is: 95 per cent with n — - <), 4-75 per cent 
with n = 1, 0-23 per cent with n = 2, and only 0*01 per cent with n. -- 3. For 
lead, which has 0 = 07, the distribution at T = 07° abs. is the same as that for 
diamond at 1295° abs., namely, 03*3 per cent with n --- 1, 23-3 per cent w ith 
7i = 2, 8-6 per cent with 7i = 3, 3-1 per cent with 7i = 4, 1-2 per cent with a — - = 5. 

The formulae obtained above arc in good general agreement with 
experimental observations. At very low temperatures, however, 
discrepancies arise, since in this region the specific heat increases pro- 
portionally to T 3 . In 1912 Dehye* was able to show that this was 
due to the too great simplicity of the assumption of only ouc frequency 
for the oscillators (see above). In the complete treatment, it- is neces- 
sary to assume a large number of frequencies, which art* regarded as 

* 1*. Dkisyh, Dutch by birth (horn INS4), was first Professor of Physics at (toltingen, 
then (1920— 7) at the Technical College at Zurich, and subsequent ly at. Leipzig. 
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elastic waves passing through the solid, being reflected at its boun- 
daries and thus giving rise to stationary waves. Not all wave-lengths 
can form these stationary waves, only those which give an exact 
number of half wave-lengths. It is easy to see that the smaller the 
wave-length, the closer together do the 
possible wave-lengths lie. There is, how- 
ever, a certain minimum wave-length 
below which no more are possible; for the 
waves are propagated by the atoms, so 
that the wave-lengths must be at least of 
the order of magnitude of the interatomic 
distances. The distribution of possible 
frequencies is therefore of the type shown 
in fig. 10. From this we see that (at least 
for simple solids) the greatest concentra- 
tion of frequencies is near the upper limit 
(i.e. the lower limit of wave-length). This 
explains the approximate validity of the 
theory in which only one frequency is assumed. At very low tem- 
peratures, however, where the high frequencies die out on account of 
their large hv- values, the existence of the slower vibrations becomes 
important. 

Optical Vibrations in Crystals. — Since the vibrating particles in 
ionic lattices are electrically charged, their proper vibrations can give 
resonance effects with electromagnetic waves. Light of frequencies 
equal to proper frequencies of the crystal is very strongly absorbed, 
the selective absorption being accompanied by metallic reflection. 
Hence these proper frequencies can be determined by measuring the 
absorbing and reflecting powers of the ionic crystal. The frequencies 
are always found to lie in the infra-red region. Two groups may be dis- 
tinguished: one in the long- wave infra-red in the wave-length range 
23 fju to 152 /x and the other in the short-wave infra-red between 10/x 
and 20 g. 

The method of investigation consists in splitting up the infra-red 
rays from a source into a spectrum, and then measuring the coefficient 
of absorption or reflection of the, crystal at successive wave-lengths. 
Fig. 11 is a diagram showing how the apparatus is arranged. The 
radiation from a continuous source L is focussed on the slit of a 
grating monochromator by means of the concave mirror Hj. The 
monochromator consists of the slits Sj and S 2 . the grating (L and the 
concave mirrors 1I 2 and H ;J . The narrow wave-length region passing 
out through tin 1 slit S 2 is directed on to tin 1 crystal K by the mirror 
H 4 . The beam reflected from the crystal is then focussed by the mirror 
1 1 5 on to the thermopile T, when* it produces an electric current which 
is measured by a galvanometer. The galvanometer deflection is a 



Fig. io. — Distribution of fre- 
quencies of thermal vibration in 
a solid (after Debye). 
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measure of the intensity of reflection from the crystal. By adjusting 
the setting of the monochromator the wave-length of the radiation 
falling upon the crystal can be varied at will. In these infra-red in- 



Fig. ii. — D iagram showing arrangement of apparatus for infra-red investigations 


vestigations concave mirrors are used instead of lenses because of their 
freedom from chromatic aberration. Infra-red radiation is detected 
and measured by thermoelectric methods, as the sensitivity of photo- 
graphic plates only extends to about 1-D/a. 

Spectrometric measurements can be carried out up to wave-lengths 
of about 30/a, To investigate waves of greater length, we make use of 
the method of so-called residual rays*, which depends on the fact 
that light of the proper frequency of the crystal is reflected very 
strongly. The radiation from a continuous source is reflected a number 
of times from the crystalline substance under investigation, until 
after the last reflection practically nothing is left but the proper fre- 
quency, all the others having been largely absorbed. The light remain- 
ing after the series of reflections is referred to as residual rays . The 
wave-lengths in the long-wave region are determined by means of a 
Fabry-Perot interferometer (Yol. IV, p. 194). The residual rays of 
long and short wave-length can be separated by means of quartz 
lenses. The refractive index of quartz for the longer waves (> 50/x) 
is over 2, and for shorter waves only about 1*5; hence the focal length 
of a quartz lens is considerably shorter for the longer waves than for 
the shorter waves. Repeated focussing for the longer waves therefore 
results in the shorter waves becoming so diffuse as to be negligible. 

Fig. 12 shows reflection curves for alkali halides obtained in this 
way. Wave-lengths are plotted as abscissa? and percentage reflections 
as ordinates. Increase of ionic mass is seen to he associated with in- 
crease of the wave-length of the proper lattice vibration. The residual 
rays for which this figure is plotted all belong to the long- wave group. 
The position of the reflection maximum is characteristic of each par- 


* The German term RoatatrahUtn is also used in English. 
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ticular lattice. Examples of the short-wave group are shown in fig. 13, 
which gives the reflection curves for some carbonates. We see that the 
reflection maxima of all the car- 
bonates lie at the same positions. 

The corresponding frequencies are 




Fig. 12. — Reflection curves of alkali 
halides in the infra-red (after Liebisch 
and Rubens). 


Fig. 13. — Infra-red reflection from 
carbonates (after Schaefer and Schu- 
bert). 


characteristic of all carbonates. In the same way, all salts with 
polyatomic anions or cations possess their own proper frequencies, 
e.g. all sulphates have proper vibrations at 9 p and 16ya and all am- 
monium salts at 3*2 /l t, 5*9 /x, and 7*0 jll. 

The reason for the appearance of these infra-red absorption regions 
is as follows. The incident electromagnetic waves act on the positively 
and negatively charged particles in the lattice, causing forced vibra- 
tions. The amplitude of these vibrations becomes especially large when 
resonance occurs (Vol. II, p. 198), i.e. when the frequency of the oscil- 
lations of the field of the incident waves is equal to a proper frequency 
of the charged particles of the crystal. Since the forces linking the 
charged particles are practically the same throughout the whole crystal, 
the frequency of vibration of positive relative to negative is fairly 
sharply defined. The long-wave residual rays correspond to vibrations 
of the positive and negative ions relative to one another. The frequency 
increases with increase of the rigidity of the interionic linkages and 
with decrease of ionic mass. This explains the differing wave-lengths 
for the different alkali halides in fig. 12. The short-wave group of 
residual rays, on the other hand, corresponds to vibrations within 
polyatomic ions (so-called inner frequencies)^ as is indicated by the 
identity of the frequencies for all salts with a given polyatomic ion. 
These inner frequencies can also be observed with solutions of the 

( li Or" 7 ) 28 
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complicated structure so many proper frequencies occur that it is 
almost impossible to disentangle them. 

4* Liquids 

Between the two extreme states of aggregation of matter — perfect 
gas and crystal — lies the region of real gases and liquids, about which 
relatively little is known. According to the van der Waals theory, 
there is a continuous transition between the gaseous state and the 
liquid state, which can be treated exactly by the equation of state 
referred to in Vol. II, p. 90. A liquid, then, may be regarded as a 
highly-compressed gas which is not maintained in its state of com- 
pression by pressure applied externally, but by the forces of attraction 
between its molecules. There are a number of problems, however, 
which cannot be solved by this theory, particularly problems concerned 
with the spatial arrangement and motions of the molecules of a liquid. 
It is found that liquids possess properties similar to those of solids, so 
that we must assume the presence in liquids of couplings between the 
individual molecules, similar to those occurring in solids. Thus the 
motion of any particular molecule in a liquid depends on the motions 
of the neighbouring molecules. 

The Scattering of Light by Liquids. — The thermal motions of the 
molecules of a solid may be regarded as a superposition of elastic waves 

(fig. 10, p. 41b). An incident light 
beam will be scattered by these 
waves. As is indicated in fig. 15, 
the scattering may he thought of 
as due to reflection at the wave- 
fronts, just as in the Bragg theory 
of the reflection of X-rays at the 
lattice planet* of a crystal (p. 08). 
Thus for given directions of inci- 
dence and observation only waves 
with fronts equally inclined to these 
two directions will be effective, and 
among such waves, only those with a particular wave-length. Different 
directions of observation will correspond to different suitably oriented 
waves. Then the wave-fronts of the elastic waves constitute moving 
reflectors for the light, so that a Doppler effect must arise. Hence we 
may anticipate that incident monochromatic light will he split up into 
two distinct frequencies by reflection at the moving elastic- waves. 
Instead of the original frequency v we may expect to got two frequencies 
v + Ai/, where — e/A, v being the velocity of tin* elastic waves 
(i.o. the velocity of sound) and A the wave-length of the elastic waves 
in the liquid. An experiment of the kind outlined hen* will therefore 
throw light on the question whether the molecules of the liquid move 




LIQUIDS 


421 


freely and independently, like those of a gas, or whether there is a 
strong coupling between them, as in a solid. With the first of these 
alternatives the scattering of light would result in a broadening of the 
incident frequency, owing to the Doppler effects of the random motions 
of the scattering molecules. With the second alternative, on the other 
hand, we should expect a distinct splitting into the two components 
mentioned above. 

Investigations carried out in Debye’s laboratory (using the mer- 
cury line 4358 A. and the zinc line 4680 A.) have actually demon- 
strated the occurrence of lines of modified frequency in the scattering 
of monochromatic light by liquids. It was found, however, that a 
line of unmodified frequency is also present in the scattered spectrum, 
although, according to the calculations of Brillouhst, such a line is 
not to be expected. Thus these experiments prove that there must be 
a strong coupling between each molecule and its neighbours in liquids, 
as a result of which the molecules can probabty perform a kind of 
vibration. The vibrations of a given molecule do not, however, take 
place about a fixed point in the substance (as is the case in solids); 
but rather about a point whose position moves about relatively slowly 
in the liquid. This view is also in agreement with the atomic heats of 
monatomic liquids, e.g. mercury with C„ = 5*87 cal. per gramme-atom, 
which correspond to the Dulong and Petit value for solids and indi- 
cate the existence of six degrees of freedom. 

Debye and Sears have also succeeded in demonstrating the re- 
flection of light at artificially-produced 
acoustic waves. With the help of an 
oscillating quartz crystal of high fre- 
quency they excited supersonic waves 
(with a wave-length of a few tenths of 
a millimetre) in a liquid, and then found 
that a beam of light is diffracted by the 
liquid in just the* same way as by an 
optical grating. This may be explained 
by assuming that the acoustic waves 
produce a regular succession of con- 
densations and rarefactions throughout 
the liquid, and that these act as the 
lines and spaces of a grating. The 
phenomenon provides a convenient method tor determining the 
velocity of sound in a liquid, and hence its compressibility (see 
fig. 16). 

The Scattering of X-rays by Liquids.- Observation of the X-ray 
diffraction effects of liquids may he expected to give information 
about regularities in the arrangement oi the molecules, the distances 
between which are of t In* same order of magnitude as tin* wave-lengths 



Fit?. 1 6. — G rating spectra of various 
orders produced by very short acoustic 
waves in water (after Lucas and liiquard). 
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of X-rays. Actual experiments do in fact give such effects, but com- 
pared with the effects obtained with crystals they are rather vague. 
Yet the results prove that regularities of arrangement must be present, 
and that the distances involved are of the expected order of magnitude 



Fig. 17. — Probability of occurrence of various interatomic distances in liquid mercury, 
as deduced from X-ray diffraction (after Debye) 


(see fig. 17). So far it is not possible to give precise information about 
the arrangements of molecules in liquids; but we may assume that 
there must be a lattice-like structure extending at least over small 
regions, although the individual lattice points must be continually 
changing places. 

The diffraction effects just referred to must be distinguished from 
other superimposed diffraction effects due to the regular arrangement 
of the atoms within the individual molecules, which also involves 
distances of about the same magnitude. These latter effects are those 
which are observed for vapours. In addition to liquids, therefore, 
Debye has investigated vapours. He finds marked diffraction effects 
in the vapours of substances with polyatomic molecules (e.g. CC1 4 , 
see p. 251), whereas in monatomic vapours (e.g. Hg) scattering is alone 
observed. 
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Electrodynamics of Moving Media 

1 . The Effect of Motion on Optical Phenomena 

The Problem of “Absolute Motion”. — Phenomena involving the 
effect of the motion of material bodies on electromagnetic processes 
are of great importance in fundamental physical theory, for they are 
most intimately concerned with the problem of the interaction between 
matter and ether. The experiments of this type which have been 
performed are especially interesting in that they have revealed a 
behaviour essentially different from that anticipated from tentative theo- 
retical ideas based on other observations. In these tentative theories 
it was assumed that all space is filled with a substance known as the 
ether, and that the effects produced by the motion of matter are due 
to movement relative to this ether, which is itself supposed to be at 
rest. The usual measurements of the velocity of a body merely give 
the velocity relative to some other arbitrarily chosen body; but accord- 
ing to the views just mentioned it must also be possible, by means of 
experiments on the effect of motion upon electromagnetic phenomena, 
to determine the absolute velocity of a body, i.e. its velocity relative 
to the ether which fills all space and is the carrier of electromagnetic 
phenomena. It is found, however, that the problem of “ absolute ” 
motion is by no means so simple as this, and the interpretation of the 
various experimentally-observed facts has formed one of the most burn- 
ing questions in physics for more than a century. We shall first give 
an account of the experimental data. 

The nature of the problem will be dear from the following example. Imagine 
two bodies A and B moving in any manner whatever. The motion of B may be 
described by regarding A as at rest and stating the velocity of B relative to A. 
Conversely, the body B may be assumed as at rest and the motion of A described 
as relative to it. The question at once arises (and this is the fundamental prob- 
lem in its simplest form), which of the two bodies is really in motion? Accord- 
ing to the views referred to above, it must be the one which is moving relative to 
the ether, i.e. the one for which modifications of electromagnetic phenomena are 
observable. Is it in fact possible to determine absolute motions in this way, and 
what are the modifications of electromagnetic phenomena involved? Or has 
the idea of absolute motion no physical meaning, and must ve speak only of 
motion relative to material systems of reference? 
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Fig. r. — Velocity of 
light from a double 
star. 


Effect of the Motion of the Source on the Velocity of Light. — From 
the experimental evidence hitherto accumulated it must be con- 
cluded that the velocity of propagation of light is independent of the 
motion of the source from which it is emitted . 

This follows from observations upon double stars (so-called 
binaries) in the direction of motion. The motions of double stars, as 
observed directly or spectroscopically (i.e. by the 
Doppler displacements of spectral lines) can be 
satisfactorily explained by Kepler’s laws on the 
assumption that the velocity of light is unaffected 
by the motions. Consider the case of a binary 
system (fig. 1) whose orbital plane contains the 
direction of observation of a terrestrial observer. 
If the velocity of light relative to the star were c, then 
the velocity of light relative to the observer (assumed 
at rest) would be c + v at the point A and c — v at 
the point B, Owing to the greater rate of advance 
of the light from A, the arrival of the star at A 
would be observed too early as compared with its 
arrival at B. In certain circumstances the two 
times of arrival might even appear to be simultaneous. Actually the 
times at which the star is at A and B can be determined from the 
maxima of the Doppler effect. Observations upon a suitable system 
(/3 Aurigae) have proved that the variation of the velocity of light 
throughout the whole orbit must certainly be less 
I | I than 2*5 x 10~ 7 of the velocity of the star. 

1 J Observations at right angles to the direction 

/I of motion have been made by J. Stark on positive 
“ rays of hydrogen. The positively-charged hydro- 
gen atoms fly through the hole in the cathode K 
(fig. 2) with velocities up to 10 8 cm. per second, 
and strike against the metal surface A. The space 
also contains mercury vapour at rest. Kmission of 
light from the moving hydrogen atoms and the 
mercury atoms at rest can be observed immedi- 
ately in front of A. An image of this emitting 
region is focussed on the slit of a spectrograph 
placed outside the window F. The observation is 
thus at right angles to the direction of motion of 
the hydrogen atoms, the spectrograph slit being 
parallel to this direction. In these circumstances 
the length of the spectral lines obtained will be limited by tin* metal 
surface A. If now the motion of the hydrogen atoms imparts a lateral 
velocity component, to the light emitted from them, there must be. a 
lengthening of the hydrogen lines as compared with the lines emitted 


i 

nl 


Ffe. 


- Stark’s ex- 


periment on the velocity 
of propagation of light 
emitted by atoms in mo- 
tion and atoms at rest: 

K, cathode; A, anode; 
F, window; S, con- 
nexion to pump. 
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by the mercury atoms at rest. For the actual experiment the calcu- 
lated elongation was about 1-2 mm., but no trace of it could he 
observed. Thus the velocity of the light emitted from the hydrogen 
atoms must be the same as that of the light emitted by the mercury 
atoms. The propagation of light is unaffected by the motion of 
the source. 

Doppler Effect. — The effect of the motion of the source on the 
frequency of the light as determined by an observer has been discussed 
on p. 219. The frequency is altered in accordance with the equation 



where v r is the velocity of the source relative to the observer. This 
equation has been thoroughly confirmed by observations upon terres- 
trial and celestial sources. 

Aberration. — In 1725 Bradley * observed small periodic changes 
in the apparent position of the star y Draconis. More detailed investi- 
gation has shown that all the fixed stars exhibit these changes of 
apparent position, which are due entirely to the motion of the earth 
round the sun. The phenomenon is called aberration. Every star 
appears to describe an ellipse with a period of one year and a semi- 
major axis which lies parallel to the ecliptic (the plane of the earth’s 
orbit) and subtends an angle a — 20*47". For stars situated in the 
ecliptic the motion is on a straight line (ellipse of zero minor axis): 
for stars at the pole of the ecliptic the motion is circular. The apparent 
displacement of the stars is always in the direction of the earth’s orbital 
motion. 



be d e 

3.- Diagram to explain aberration 


The explanation of aberration is as follows. Consider a ray of Ii}j:ht SA dr/) 

passing through a telescope at rest, as shown in the figure. Now h*t the teleseope 

* Jam ks Hradlkv ( 1 7<>2 J, Astronomer Royal irotn 1742 to 17;>2. 
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be moving with the velocity v s at right angles to the direction of the ray. A light 
quantum, which enters the telescope through the middle of the objective, passes 
through the instrument with velocity c, while at the same time the telescope moves 
laterally with velocity v H . If t is the time which the light takes to traverse the 
length of the telescope, the distance through which the telescope moves during 
this time is v^t, the new position being shown diagrammatical ly by the dotted 
lines in tig. 36. It is clear that the light quantum will not leave the telescope 
through the middle of the eye-piece (as it did when the telescope was at rest, 
fig. 3 a), but somewhat to the side. Relative to the telescope, therefore, we obtain 
the figure shown in fig. 3c, the angle a between the ray and the axis of the tele- 
scope (see fig. 3d) being given * by 


The telescope must therefore be inclined at this angle in order to bring the image 
of the source of light (i.e. the star in question) into the middle of the field of view. 
As can be seen from fig. 3e, the telescope must be tilted forwards in the direction 
of its motion. 


The apparent displacements of the positions of the fixed stars can 
therefore be calculated from v s , the component of the earth’s velocity 
at right angles to the direction of observation. The mean velocity of 
the earth in its orbit is 30 km. per second (i.e. 3 x 10 6 cm. per second), 
whence we obtain a = v s /c = 3x 10 6 /(3 X 10 10 ) = 10~ 4 radian = 20*6". 
More accurate data give a = 20*47", the uncertainty lying mainly 
in the value of the mean orbital velocity of the earth. 

It is important that the student should clearly realize that this 
aberration is only observable because of the 
non-uniformity of the earth’s motion. If the 
motion of the earth were uniform and rectilinear, 
all the stars would be subject to the same ap- 
parent displacement relative to the positions 
w r hich they would appear to occupy if the earth 
were at rest. This displacement could never be 
determined, however, because the position corre- 
sponding to the earth at rest would be unknown. 
The observed displacements are due to the non- 
uniformity of v s . Thus aberration belongs to a 
class of phenomena characteristic of non-uniform 
motion, e.g. the Foucault pendulum (experi- 
ment. 



to earth 


Kig. 4. — Aberration of a 
double star 


Aberration is accordingly independent of the 
motions of the stars and consequently not dependent on the* relative 
motion of the stars with respect to the earth. This is confirmed by 
observations on double stars. As Lkxakd has shown, these (exhibit 


* Here it is assumed that the velocity of light is r relative to the system of reference 
in which the telescope is at rest (set* p. 4-44). This makes onlv a negligible sccond-onlcr 
difference as compared with the assumption that the velocity of light is c relative to 
tiie system of reference used in measuring 
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normal aberration. If the aberration were dependent on the relative 
motion, binary systems would show a marked apparent lateral separa- 
tion of the positions C and D of fig. 4. Actually no such separation 
is observed. 

“ Ether Drag 5 — When light is passed through a material medium 
(e.g. flowing water) which is moving with a velocity v relative to an 
observer, the velocity of light (he. the jpkase velocity) as measured by 
this observer is given by the equation 



in which p, is the refractive index of the medium. The quantity 



is called FresnePs coefficient of ether drag (Fresnel, 1818). 

The following point must be borne in mind in connexion with the refractive 
index (x. Owing to the motion of the medium, the frequency of the light relative 
to the medium as compared with the frequency observed by the observer is modi- 
fied by the Doppler effect. The refractive index in the formula must be that for 
the frequency relative to the medium. 

The first experimental determination was made by Fizeatt in 1851. 
Further experiments were carried out by Michelson and Morley 
(1886) and very accurate measurements were made by Zeeman (1914). 
The principle of the experimental apparatus is illustrated in fig. 5. 



Fig. 5. — Diagram of apparatus for measuring the ether drag in moving water 

Light from a source L is incident on a half-silvered plate G, by means 
of which it is divided up into two partial beams. One is reflected to 
the mirror and thence to the prism P, where it is twice reflected and 
passes to the mirror S 2 and thence back to the plate G. The other 
partial beam traverses just the opposite path. The two beams are 
united again at the plate G. and the interference phenomena due to 
their superposition are, observed in the telescope F (as in the Michelson 
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interferometer, Vol. IV, p. 190). On the way between the mirrors S x 
and S 2 and the prism P the beams pass through tubes (in Zeeman's 
experiments these were about 3 metres long) in which water is flowing 
(at a speed of about 5 metres per second). The direction of the flow 
of the water is arranged (see fig. 5) so as to be the same as that of one of 
the partial beams and opposite to that of the other. Thus if the moving 
medium drags along the ether with it, the effect will be to accelerate 
one partial beam and retard the other. This will mean an optical path 
difference and a consequent displacement of the interference fringes 
from their positions when the water is at rest. The displacements 
observed in the actual experiments were of the order of to 1 fringe- 
breadth. It was found that the observations were in good agreement 
with the Fresnel formula given above (account being taken of the proper 
value of g to be used — see above). The refractive index of water being 
about 4/3, we have e — 7/16, i.e. approximately Thus the velocity 
of propagation of the phase of the light waves is altered by about half 
the velocity of flow of the water. Zeeman has also carried out experi- 
ments with moving solid bodies (cylinders of glass and quartz). 
Good agreement was again obtained between observation and the 
formula. 

It is important that the student should clearly realize that the 
phenomena are not due to a partial carrying along of the ether by the 
moving medium, such as is suggested by the term <e coefficient of ether 
drag V The name “ ether drag ” is a relic from earlier times. What 
is actually observed is an alteration of phase velocity, i.e. in a certain 
sense a change of the refractive index of the medium (distinct from that 
due to the Doppler effect). The velocity of light relative to the observer 
being c, a greater number of molecules will be encountered by the 
light per second when the medium is moving against the light than 
when the medium is at rest. Now the diminution of phase velocity in 
the medium (corresponding to the refractive index) is due to the 
superposition of the elementary waves scattered from the individual 
molecules of the medium. Motion of the medium against the direction 
of propagation of the light must therefore have the same effect as if 
the medium became denser (the properties of the molecules otherwise 
remaining unaltered), i.e. must result in an increase of refractive index 
and a corresponding diminution of the phase velocity of the light. 
In 1895 H. A. Lorentz proved from the electron theory of dispersion 
that this diminution must be in accordance with the Fresnel formula. 
There is, however, no reason to doubt that even in a medium moving 
in a terrestrial laboratory the signal velocity (Vol. IV, p. 172) is c relative 
to an observer who is at rest in the medium. In the propagation of 
light through a material medium the wave-head dot's not keep the 4 
same phase (as it docs e.g. in a vacuum, where the phase velocity is 
equal to the signal velocity), hut is continually varying in phase in 
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such a way that it glides forward (as it were) over the more slowly 
advancing phase motion. 

The fact that masses of matter such as are available for investi- 
gation in the laboratory do not drag along the ether to an appreciable 
extent has been demonstrated by Lodge.* He used an interferometric 
apparatus similar in principle to that shown in fig. 5, and investigated 
light which had passed very close to large rotating discs of steel. No 
effect upon the velocity of the light could be detected, even when the 
discs were strongly electrified or magnetized. Any dragging along of 
the ether which may occur is so small that the consequent alteration 
of the velocity of light is certainly less than 1/1000 of the velocity of 
rotation. 

The Part played by Ether Drag in Experiments on the Effect of 
Motion on Electromagnetic Phenomena. — The value of the coefficient 


of ether drag occurring in the Fresnel formula is of great importance 
in so far as it indicates that the optical result of an experiment on the 
effect of motion must remain unaffected by the interposition of a 
material medium (except for effects of the second order, i.e. propor- 


tional to ( vjc ) 2 ). Some examples 
of this will now be considered in 
more detail. 

We shall find it convenient 
to adopt the following nomen- 
clature. The direction of the 
wave-normals, i.e. the direction 
of advance of the wave motion 
relative to the system at rest, 
will be called the absolute ray . 

On the other hand, the path of 
the light relative to the moving 
medium will be called the relative 
ray . The meaning of these terms 
will be clear from fig. 3, c and e 
(p. 425), in which the dotted line i 
sponding continuous line the relativ 
all optical laws of media at rest rent 
for the relative rays in moviny media. 


J£ 



JIG 

Jig . 6. — Validity of the law of refraction for 
relative rays 

s the absolute ray and the corre- 
e ray. As a result of ether drag, 
ain i valid to a first approximation 


As an example we may choose the law of refraction. Let AB in fig. (> be the 
surface of separation of two media J and il. Let the wave-fronts of the incident 
light waves be parallel to AB, i.e. let the absolute rav El) be normal to the inter- 
face. Further, suppose that the velocity of propagation in the medium I is c ± 


* Sir Olivkk Loimjk, horn 18i>l, was Professor of Physios at University Uollege, 
Liverpool, from 1881 to 11)00, and thru Principal of Birmingham University until 1919. 
He is also distinguished for his work on lightning, electrolysis, the electron, wireless 
communication, &e., and has for many years been interested in psychical research, 
t I.e. neglecting all terms in (r ( V)- and higher powers. 
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and in the medium II c. 2 , and that the media are moving with the common velocity 
v from B towards A. The phase velocity of the light in the direction BA is then 
less than v in both media. Let it be v — and v — u 2 respectively. Eight starting 
from E proceeds to I>, relative to a system of reference at rest. On account of the 
motion of the medium, the path of the light relative to the medium (relative 
ray) is EF. While the light has travelled from E to J3 it has drifted relative to 
the medium, which has thus advanced the distance FI) relative to it. We there- 
fore have tana x — At the point F the light enters the medium II. The 

absolute ray remains normal to the interface AB, since normal rays are not re- 
fracted. Hence if the second medium were at rest the light would arrive at H. 
Owing, however, to the motion of the medium and the ether drag, the relative 
ray is FG, and we have tana 2 = u 2 /c. z . Hence neglecting quantities of the second 
order of smallness, as is permissible on account of the smallness of the angles, 
we may write 

sinoq tan oq '« L c 2 

sin oc 2 tan oc 2 

Now the ordinary equation for the law of refraction is 

sinoq c x 

sin a 3 c 2 


If the two equations are to be identical, i.e. if the law of refraction is to remain 
valid for the moving media, we must have 


In the case in which medium II is a vacuum, u 2 — v and c 2 = c , and the condition 

becomes 



Fig. 7- — Aberration in the 
case of a telescope filled 
with water. 


This means that the velocity imparted to the phase 
motion of the light by the drag of the movement of 
the medium 1 must be 



But this is exactly the result given by FresmTs 
equation (p. 427). 

It follows that all experiments on the positions 
of the fixed stars must give the same results as if 
the earth were at rest and the stars were displaced 
through the definite angle of aberration. Thus we 
can explain the result of the experiment of Airy 
( 1871), who determined the aberration by using a 


telescope filled with water. Wince the velocity of 
propagation of light in water is less than in air, the water-filled telescope must 
move through a greater lateral distance than the air-filled telescope during the 
time of passage of a light quantum through it (compare fig. 3, p. 42o). It 
might therefore be expected that the angle of aberration would la* increased by 
filling the telescope with water. The experiment of Airy, however, showed that 
the angle of aberration is unaffected. The reason for this negative result is 
that the light is dragged sideways by an amount which exactly compensates for 
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the slower velocity in the direction of the axis of the telescope. If the lateral 
velocity of the telescope is v s , the corresponding lateral velocity of the light (see 
fig. 7) will be 



We have 


, u a . „ 

tan (3 ~ ~ = y ' ' sm & 


and hence, since sin a/sin (3 — p by the law of refraction, we obtain 


sin a = p sin (3 = — l ~ = 


if 

Ci p 2 pc x 


% 

c * 


This result is independent of p and the aberration therefore remains the same, 
no matter what the medium within the telescope is. 


Veltmann’s Theorem. — It was first shown by Veltmann (1873), 
and later more fully by H. A. Lorentz, that as a result of ether drag 


A 



Fig. 8. — Diagram to illustrate Veltmann’s theorem 


a common uniform motion of light source, material medium, and 
observer cannot have any first-order effect upon optical phenomena. 
Since in all practicable experiments the light must pass from one station 
to another and back again, we are always concerned with a closed 
optical path, such as is represented diagrammatically in fig. 8. When 
the system is at rest, the time t taken for the propagation of the light 
from A back again to A is given by 


Now let the whole system be moving with the velocity v in the direc- 
tion from U towards F. Using the notation introduced above, the 
velocity component imparted to the light by this motion is always 

- d i - 


V — H 
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so that in consequence of the motion of the system the light gets a 
velocity u n in the direction from F to G relative to the medium. As 
the optical path remains unaltered by the motion, the relative rays 
form the same polygon A — A as before. Consider the side AA X , and 
let the velocity of the light relative to the moving medium be . 
If the time taken by the light to pass from A to A x is t ls we have 
(see fig. 8) 

AA X — c/zq; A t B — u ± t AB — c 

Since % is very small, it follows that 

== Cj — {— 'iq cos 

where <f> x is the angle between AA X and the direction of motion of the 
system. Hence 

t = = = H 1 

1 C 1 / C-, + U, COS (A. C, _ , U-. , 

A x 1 ^ L 1 1 d COS cp ± 

c x 


Neglecting quantities involving higher powers of (u x / c x ) than the first, 
we have 


h = 




'W-t i 

1 COS t/q. 

Cl c x 2 


Corresponding expressions hold for all the other sides of the polygon. 
The total time t* taken hy the light to pass right ronnd the optical path 
when the system is in motion is therefore 


t f 



&ri 


2 " 
1 G, 


21 s. 2 *n COS <j> n . 
1 c n 


But for a closed polygon we have 


Therefore 


i.e. 


n 

S cos 4> n = O. 


E ' 

1 c n 


2 0/3 

i c n 


t' 


The Experiments of Sagnac and Harress. — On the other hand, we 
may expect that the time taken by the light to pass round the polygon 
will be affected by a rotational motion of the whole system; for in this 
case the light may be moving with or against the motion of the system 
throughout the whole of its path. Fig. 9 is a diagram of the experi- 
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mental arrangement used to investigate this question. Light from the 
source L is split up at a into two partial beams by means of a half- 
silvered surface between the two 
glass plates and G 2 . One of 
the partial beams is reflected by 
the mirrors S l5 S 2 , S 3 , and S 4 in 
order, and returns to a, while the 
other traverses the same path in 
the opposite sense. The two 
beams then fall superimposed on 
the photographic plate P, where 
the interference pattern thus pro- 
duced is photographed. Let l be 
the length of an element of the 
optical path at a distance r from 
the axis of revolution of the 
system where the linear velocity 
of the system is v. The time t x 
which light travelling in the same sense takes to cover this distance is 
h = l /(° — *>)• T ke corresponding time £ 2 for light travelling in the 
opposite sense is t 2 = l/(c + v). The difference At between these 
times is 

At — t 1 — t z = — 1 — = ~ . . 

C — V C V C 2 — V 2 

Neglecting v 2 in comparison with c 2 , we may write At = 2 Ivjc 2 . When 
v = 0 , we have At — 0 , i.e. the time is the same for either sense. When 
^ 4 = 0 , the time difference causes a displacement of the interference 
fringes. If the path difference is just one wave-length A (i.e. if At is 
just equal to one period A/c), the system of fringes is displaced 
by one fringe. Hence the path difference expressed in wave- 
lengths (or the displacement of the interference pattern expressed 
in fringes) is 

a x 2 Iv .A 21 v 

2 ~ \ • 

c z c Ac 



The effect is thus of the first order. An actual element of path-length 
which makes an angle with the direction of rotation has the com- 
ponent l t cos cf>i in this direction. Since v, the linear velocity of rotation 
of the system at this point, is given by v = r £ co, where co is the angular 
velocity and r £ the distance from the axis of rotation, the corre- 
sponding path difference is 


AA, = 


2 lj eoscjif r jUi __ 
Ac 


Ac 




l T i COS c 


(E 057) 


29 
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DC 


that this result is unaffected by the presence of a material medium. 
As was pointed out as early as 1878 by Maxwell, experiments on the 
influence of uniform rectilinear motion can only be expected to show 
effects of the second order, he. effects proportional to ( vjc ) 2 . Owing to 
the smallness of v , such effects must be very much smaller than first- 
order effects and hence must ordinarily be beyond the limits of obser- 
vation. Cosmic velocities of several 
kilometres per second must be in- 
vestigated if an appreciable effect is 
to be hoped for. 

The simplest suitable apparatus 
is the Michelson interferometer, 
the principle of which has been 
described in Vol. IV, p. 190. For 
the method of producing inter- 
ference fringes with the reflecting 
mirrors at equal distances from the 
separating plate, as in the present 
application, see Vol. IV, p. 193. 
We shall now consider the case 
(fig. 11) in which the interferometer 
is moving in the plane of the figure 
with the velocity v. The direction of motion (as indicated in the figure) 
is parallel to the one arm of the instrument and at right angles to 
the other. 

Consider first the arm GS ls which is parallel to the direction of 
motion. If the length GB 1 is l , the total time t P which light takes to 
pass from. G to S x and back is (as above) 

_i- + 

c — V c + 



t.n 


2 Ic 

z 'ZZ <»2 : 


2 1 
c 


1 — 


Since vjc is very small compared to unity, we may therefore write 



We now consider the other arm GS 2 , which is at right angles to the 
direction of motion. Here too the motion causes an alteration of the 
time taken by the light to pass from G to S 2 and hack, as compared 
with the time taken when the system is at rest. For in the time 
the point G of the dividing plate, as judged by an observer not sharing 
the motion of the apparatus, has moved to G' (see figure). The light 
travelling along the arm GS 2 therefore traces out two sides of an 
isosceles triangle, each of length s, the angle between them being 
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twice the angle of aberration a (given by sin a = v/c). Let the length of 
the base GG' of this isosceles triangle be 2x . Then each side is given by 

s 2 = Z 2 + cr 2 . 


Since x — s sin a = sv/c, we have 



whence 



< 


1 + 


The time t s taken by the light in its double journey along this arm is 
therefore 





The difference At between the times for the two arms of the instru- 
ment is obtained by subtraction, namely 


At 




Iv 2 

G C 2 ’ 


This time difference means that the two beams combine at the dividing 
plate with their phase difference altered from the value which it has 
when the whole system is at rest. Hence the motion of the system 
may be expected to cause a displacement of the interference fringes. 
The displacement, expressed in terms of the distance between suc- 
cessive fringes (Le. the path difference expressed in wave-lengths) 
will be 


AA = 



A = l v 2 
c A c 2 ' 


An important case is that in which the velocity v of the whole 
system is maintained indefinitely; for then it is not possible to compare 
the position of the interference fringes with their position when the 
system is at rest. This difficulty can be overcome, however, by mount- 
ing the whole apparatus so that it can be turned about an axis. Rota- 
tion through 45° from the position represented in fig. 11 brings both 
arms into the same inclination to the direction of motion, so that by 
symmetry the effects will he the same for both and will just balance 
one another. This position can therefore be used for the desired com- 
parison. Moreover, if the apparatus is rotated through a further 45° 
(i.e. through 90° in all), the arm which was originally parallel to the 
direction of motion will be brought into a position at right angles to 
this direction, and the arm which was originally at right angles to the 
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direction of motion will be brought into a position parallel to this 
direction. Hence the displacement of the fringes relative to the inter- 
mediate setting will be reversed. Thus rotation of the apparatus 
through 90° must double the effect. 

Up to the present it has not been possible to carry out this so- 
called Michelson experiment for motions of the apparatus relative to 
the earth's surface. The experimental difficulties in eliminating dis- 
turbing effects due to vibration, temperature variations, &c. 5 are too 
great. For the experiments of this kind using the motion of the earth 
in space see p. 442. 

2. The Effect of Motion on Statical Electric and Magnetic 
Fields 

First-Order Effects. — Every electric charge moving with the velocity 
v is associated with a magnetic field of strength proportional to vjc . 
This has been discussed in Vol. Ill, and special reference may be made 
to the experiments of Rontgen, Rowland, and Eichenwald described 
there (Vol. Ill, p. 164 et seq.). The magnetic field which is produced 
by the motion of electric charges is observable by an observer at rest 
relative to the earth's surface, and the field strength is proportional to 
the relative velocity of the charges with respect to this observer. On 
the other hand, the motion of a 'magnetic field is associated with the 
production of an electric field which is at right angles both to the 
direction of motion and to the magnetic lines of force (see Vol. Ill, 
fig. 8, p. 164) and whose field-strength is proportional to the relative 
velocity of the magnetic field with respect to the observer. This electric 
field has been demonstrated experimentally by H. A. Wilson (1904) 
and W. Wien (1914). The effect is determined only by the relative 
velocity of the magnetic field with respect to the observer (see further 
p. 451), and for technical reasons the magnetic field in these experi- 
ments was kept at rest relative to the earth and the observer (test 
body) was made to move. In Wilson’s experiment an insulated 
hollow cylinder whose surfaces were coated with metal was rotated 
in a magnetic field. As a result of the rotation, the surface, of the 
cylinder became electrically charged. W. Wien shot luminous positive 
rays of hydrogen with a velocity of about 500 kilometres per second 
through a magnetic field of about 14,000 ampere-turns per centi- 
metre. Owing to the motion relative to the magnetic field, an electric 
field is superimposed on the fields of the atoms (p. *151 ). and the wave- 
length of the light emitted is altered by the* Stark effect. Tin* magni- 
tude of the observed Stark effect forms a measure of the strength of 
the electric field involved. The experiments showed that tin* electric 
field-strength K is indeed proportional to the relative velocity r of the 
charged particles with respect to the magnetic field, namely L - 
The effect is of the first order. 
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Simultaneous Motion of Field and Observer. — In the above experi- 
ments the conditions of motion are quite analogous to those in the 
previously- described optical experiments which exhibit a first-order 
effect. It is possible, however, to arrange the experiments so that the 
whole system (including the observer) is in motion. In optical experi- 
ments of this land no first-order effect can be observed. FL A. Lorentz 
has shown that, according to Maxwell’s equations, first-order effects 
must likewise be absent in experiments on statical or stationary electric 
and magnetic fields, because of the exactly-compensating effects of 
the motion upon the test body itself (see p. 451). Accordingly, it is 
impossible (so far as first-order effects are concerned) for an observer 
to demonstrate the magnetic field produced by the motion of a charged 
condenser, if the observer himself shares in that 
motion. This is completely analogous to the optical 
case. Up to the present, experiments of this kind 
have not been carried out with motions relative to 
the earth's surface. 

The Trouton-Noble Experiment. — Just as in optical 
experiments, effects of the second order may be 
expected in experiments on electric and magnetic 
fields. The greatest sensitiveness is attainable with 
an apparatus in which the turning moment acting 
upon a plate condenser is determined. This arrange- 
ment was first suggested by Fitzg-eralid, and the 
experiment was first performed by Trouton and 
Noble, using the motion of the earth, (p. 443). 

A plate condenser is suspended (fig. 12) so as to 
be free to turn about an axis parallel to the plane 
of the plates. Fig- 13 shows the condenser as seen 
from above. Let A be the area of each plate, s the 
distance between the plates, cr the surface density 
of charge, and K the dielectric constant of the r - 

° . . or the experiment or 

medium. Motion of the condenser at right angles to Trouton and i\ T obie. 
the lines of force of the field between its plates pro- 
duces a magnetic field of strength H and energy density S m = -|pp 0 H 2 
(Yol. Ill, p. 429), where pp ( , is the absolute permeability of the dielectric 
(Yol. Ill, p. 4 01). 13ut JHL =■= <ji\ where v is the velocity of motion. 
Hence S. m Jp/z 0 cr 2 ^ 2 . The total energy of the magnetic field in the 
space of volume As between the plates is 

E/« Jpp 0 c7 2 c 2 A.<?. 

Now the capacity C of the condenser is given by C ----- K K () A/,9 (see 
Yol. Ill, p. 84). where* K () is the fundamental electrostatic constant. 
Hence if Q is the charge on the. condenser and U the potential dif- 
ference between its plates, we may write 
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Q ^ KK 0 A 

whence 

Q KK 0 U 
a A 

Substituting this in the expression for E w obtained above, we have 

The electrostatic energy of the condenser is given (Vol. III, p. 96) 
by E e = i|KK 0 E 2 As. Hence, since E == U /s, we have 

™ KK 0 U 2 A 
E * : 2s * 

Combining the expressions for the magnetic and electrostatic energies, 

we obtain the relation 

= /i/z 0 KK 0 E e v 2 . 

In Vol. Ill, p. 616, it is shown that 
/x 0 K 0 — 1 /c 2 . Hence 

V 2 

E w = axKE. .. 


If the direction of motion of the con- 
denser, instead of being parallel to the 
plates (as assumed above), is inclined to 
the plates at the angle ip (see fig. 13), then v cosip must be substituted 
for v in the above. We then have 

E m — juKE e V 2 cos 2 ip. 
c 

The total energy E (magnetic and electrostatic) is therefore 

E = E.(l + /*K Jcobv)- 

Since this total energy tends to become as small as possible, cos ip tends 
to become zero, i.e. xp tends to become 90°. Thus there is a tendency 
for the condenser to set itself with its plates at right angles to the 
direction of motion. 

The change of energy cZE due to a rotation through dip is given by 
the equation eZE == — 11 dip, where R is the turning moment and the 
negative sign takes account of the fact that an increase of ip corre- 
sponds to a decrease of E. Hence, since E g is independent of ip , we have 



Fig. r 3 . — Plan of apparatus shown 
in fig. iz 
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-o cZE v 2 ~ , 

II = — = /xKL e — 2 cos0 sm0 

= /xKE e ~ sin 20. 

The moment is therefore a maximum when sin 20 is a maximum, 
i.e. when 20 = 90° or 0 = 45°. The effect is seen to be of the second 
order, i.e. proportional to v*/c 2 . 

An experiment of this kind using motion relative to the earth’s 
surface has not yet been carried out, owing to the enormous experi- 
mental difficulties. For experiments on the motion of the earth in 
space see p. 442. 

3. The Problem of Absolute Motion 

According to well-founded classical views, the propagation of light 
and the electromagnetic coupling between the fields involved are 
effected by the universal ether, the medium of electric and magnetic 
(and probably also gravitational) phenomena. The space round an 
electrically charged body, for instance, is supposed to be in a peculiar 
state of excitation (the electrical state — presence of an electric field), 
and we can ascribe to every point a measure of this state (e.g. field- 
strength or energy- density). This means that the individual points of 
the space differ from one another in a definite quantitative manner. 
Hence we must suppose that the space is filled with some substance 
which is capable of assuming the different states at different points; 
but we have already seen, in Vol. I, p. 3, that this substance must not 
be thought of as being material. Following upon the recognition of the 
undulatory nature of the propagation of light, the most plausible 
assumption was made that the ether is at rest in space and fills all 
space uniformly. The heavenly bodies, such as the earth itself, were 
assumed to move through the ether without resistance.* According 
to this view, we are justified in asking the question: what is the relative 
velocity of a body on the earth’s surface with respect to this ether at 
any moment, i.e. what is the £C absolute ” velocity of the body? The 
earth itself undoubtedly moves through space. It possesses a velocity 
of about 30 kilometres per second in virtue of its orbital motion round 
the sun. Then the sun has a velocity of about 19 kilometres per second 
relative to the nearer fixed stars and directed towards the constellation 
of Hercules. In addition, there is a velocity of several hundred kilo- 

* This is not so difficult to imagine in the light of more recent views upon the 
structure of matter, according to which matter is regarded as the effect of other- 
processes related to electromagnetic processes, i.e. as ether in a special form. To choose 
a rough simile, the behaviour of matter when moving relative to the ether is rather 
like that of a cloud resting on a mountain peak. The shape anil position of the cloud 
may remain practically unchanged, even although there is a strong wind. 
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metres per second relative to the star-clusters. Even if the velocity of 
the earth relative to the ether happened to be zero at one moment, 
it must certainly alter in the course of a year, owing to the earth's 
orbital motion round the sun. Thus an absolute velocity of at least 
30 kilometres per second is to be expected at the earth's surface at 
some season of the year. 

Accordingly, electromagnetic experiments upon the earth’s surface 
may he expected to show the effects of this absolute motion, as dis- 
cussed in the preceding sections. We are led to the idea of an ££ ether 
wind ” in the laboratory. If the direction of this wind is not parallel 
to the earth's axis, it will vary as a result of the earth’s daily rotation; 
again, if it is not parallel to the axis of the earth’s orbit, it will vary 
as a result of the earth’s motion round the sun. At some time or 
other, therefore, we must expect it to have a demonstrable velocity. 
Here, of course, we are concerned with experiments in which both 
observer and apparatus are moving together, i.e. are at rest relative 
to one another. Hence, according to the preceding discussions, only 
second-order effects (i.e. effects proportional to ( v/c ) 2 ) are to be antici- 
pated. It is not surprising, therefore, that negative results were 
obtained in many experiments carried out with the greatest care during 
the last century, in the hope of finding first-order effects. The only 
conclusive experiments are those which deal with effects of the second 
order: in particular the Michelson-Morley experiment and the 
Trotjton-Noble experiment. 

The Michelson-Morley Experiment. — The principle of this experi- 
ment (Michelson experiment) has been given on p. 435. The procedure 
is to rotate the whole apparatus at various times of day and at various 
seasons of the year and to look for a displacement of the interference 
fringes. The displacement must be periodic as the apparatus is rotated, 
the period corresponding to rotation through 180°. The first experi- 
ments were carried out in 1880-1 by A. A. Michelson in the Physics 
Institute of Berlin University and later in Potsdam. The expected 
displacement for an absolute velocity of 30 kilometres per second 
(orbital velocity of the earth) was 0*04 of the distance between suc- 
cessive fringes. The observed displacements (probably due for the 
most part to elastic and thermal disturbances) were only 0*004 to 
0-015. The experiments were repeated with very great care by Michel- 
son and Morley in Cleveland (July, 1887). The optical apparatus 
was mounted on a block of sandstone floating in mercury, so that the 
whole system could be rotated without serious vibration during the 
course of the observations (fig. 14). An optical path of 1 1 metres was 
obtained by repeated reflections to and fro across the? block. The 
observed fringe displacements correspond to an ether wind of only 
8 kilometres per second. The investigations have been continued 
with improved apparatus by Morley and Miller (1902 -0) and with 
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extreme care by Miller, (from 1921 onwards). Repetitions of the very 
difficult experiments have also been carried out by Tomaschek (1924), 
Kennedy (1926-8), Piccard and Stahel (1926-8), Illingworth 
(1928), Michelson, Pease, and Pearson (1929), using modified ex- 



perimental arrangements. Measurements with a very refined apparatus 
have also been made by Joos (1930). Miller, whose investigations 
are the most extensive, comes to the conclusion that there is a demon- 
strable ether wind with a velocity of 10 to 11 kilometres per second, 
this being about one-twentieth of an <e absolute velocity 55 of the earth 
(208 kilometres per second) directed towards a point situated in the 
Great Magellanic Cloud, about 7° from the pole of the ecliptic at right 
ascension 5 hours and declination — 70°. The last investigation of 
Mtchelson (1929) gives 6 kilometres per second as the upper limit of 
the velocity of the ether wind. Considerably smaller effects are obtained 
by the other observers, the limit being about 1 to 2 kilometres per 
second. Tomaschek has shown that the experiment gives the same 
result when light from planets or fixed stars is used. 

Summing up the result of all the investigations, we may make the 
following statement: 

Experiments with the Michelson interferometer certainly do not show 
the fall “ absolute motion ” of the earth. Probably no £ ' absolute motion ?? 
at all is demonstrable in this way . 

The Trouton-Noble Experiment. — This experiment, the principle of 
which has been explained on ]>. 439, was first carried out in 1904 by 
Trouton and Noble. It has been repeated a number of times by 
Tomaschek, using improved apparatus. Experiments of this kind 
can be made more sensitive than the Michelsox-Moulky experiment. 
The results (see fig. 16) indicate' that, even at a height of 3500 metres 
above sea-level, there is no effect corresponding to an ether wind of 
more than l kilometre per second. 
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Electrical methods also fail to demonstrate any C£ absolute motion 5> 
of the earth. 



— hours. 

Fig. 15. — Results of the Trouton-Noble experiment performed at a 
height of 3500 metres above sea-level (after Tomaschek) 


Conclusion from Experiments on the ** Absolute Motion 99 of the 
Earth. — Both the above decisive experiments show (at least to a first 
approximation) that there is no ether wind at the earth’s surface, i.e. 
that there is no demonstrable relative motion of the apparatus and 
observer with respect to the ether. From this we may conclude that: 

The surface of the earth is at rest relative to the ether. It carries the 
surrounding ether along with it. 

Thus an observer in a terrestrial laboratory is at rest relative to 
the medium in which electric and magnetic processes take place. In 
all directions and at all times, therefore, the velocity of light is c relative 
to the earth’s surface. For the rotational motion of the eartli see 
p. 446. 

Experiments concerning the Effect of the Earth’s Motion on the 
Force of Gravity. — It is conceivable that, although electromagnetic 
phenomena are not influenced by the motion of: the earth, for the 
reasons given above, such an influence might be observable in the case 
of gravitation (see p. 445). Experiments on this matter have been 
carried out by Tomaschek and Schaffkrnicht, who determined the 
variation of the force of gravity with time. Their measurements wore 
accurate to 10~ 9 of the quantity measured. Fig. 16 is a reproduction 
(on a reduced scale) of a photographic record showing the diurnal 
variations, which can be completely explained as due to the influence 
of the moon and the sun. The effect of the absolute motion of the 
earth upon the force of gravity, which would be apparent as a regular 
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periodic variation with a period equal to the unit of sidereal time, 
must certainly amount to less than 10~ 8 . 



Fig. 1 6. — Variation of the force of gravity with time (photographic record, after 
Tomaschek and Schaffemicht) 


Thus the motion of the earth in space has no appreciable effect on 


gravity . 

The Carrying-along of the Ether by the Earth. — The conclusion 
that the earth carries the ether along with it (or, perhaps better ex- 
pressed, that near the earth’s surface electromagnetic phenomena take 
place relative to the earth) appears at first sight to be contradicted by 
the experiment of Lodge (p. 429), who was unable to detect any carry- 
ing-along of the ether in the neighbourhood of moving bodies, and 
also by the negative results of experiments designed to demonstrate 
the carrying-along of the ether in the interior of moving media. 

It was shown by Lenard, however, that the conclusion referred to 
can be brought into harmony with all the experimental facts. Indeed, 
the view appears a very satisfactory one in the light of our more 
recent knowledge of the structure of matter. We know that matter 
is principally, and probably exclusively, electromagnetic in character. 
The fields of force involved extend far out into space. These fields, 


and consequently matter itself, are processes in the ether associated 
with extraordinarily large concentrations of energy. It is therefore 
quite m harmony with our views on the nature of matter to assume 
that every body* curries along its own ether in its neighbourhood, just 
as it carries along its own gravitational held which, as is suggested by 
the inertia of energy (p. 22:*), is probably bound up with its electro- 
magnetic fields, (hi the average, therefore, the state of the ether at 
any particular point in space is determined by the surrounding matter. 
To make things more precise, we may think of the effect of a given 
mass of matter as measured by the strength of its gravitational held. 
Near the earth's surface, then’ the. preponderant effect is that due to 
the whole mass of the earth. We sire led to conclude that large cosmic 
bodies must carry along the ether within a considerable radius. As 
a result, electromagnetic processes in the neighbourhood of such a 
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large body must take place relative to it: the velocity of light, for 
instance, is c relative to the body. At greater distances in space the 
proper ethers of the individual bodies become mixed: possibly in such 
distant regions there is an “ ultimate ether ” * 3 i.e. an ether which fills 
space independently of matter. 

As was mentioned above, Lenard has shown that these views are 
in harmony with all the experimental facts. The negative results of 
the Michelson-Morley and Trouton-Noble experiments are self- 
evident, since in both cases the whole system is at rest relative to 
the ether. Nor does aberration, considered as a pure inertial pheno- 
menon, present any difficulties. The explanation in terms of an ether 
which is carried along by the earth is the simplest and most natural 
one for the data so far accumulated, and must therefore be regarded 
as the best explanation at present available. 

The positive result of the Michelson-Gale experiment (p. 435) 
proves that the ether does not share in the rotation of the earth . If the 
observations are correct (the experiment has not been repeated by 
other workers), there must be at the earth’s surface an ether wind with 
a velocity of the order of several hundred metres per second (according 
to the geographical latitude). With the exception of this experiment, 
the measurements so far made are not sufficiently accurate; but with 
the means now available it should perhaps be possible to decide this 
point by means of a second- order experiment. Some of the first-order 
experiments which have been carried out have attained a sufficient 
accuracy, in particular the experiment designed to detect the mag- 
netic field of a condenser (the so-called Rontceen experiment). As 
carried out by Tomaschek (at a height of 3500 metres above sea-level) 
this had a limit of error of 20 metres per second. According to what 
has been said above, however, the negative result of these first-order 
experiments is not conclusive. The negative result of the Rontgen 
experiment, together with the positive result of the Michelson-Gale 
experiment, may, however, be taken as experimental evidence sup- 
porting Lorentz’s deduction (p. 439) that first-order effects must 
be absent in electrostatic experiments. 

The conclusions of Mauler (p. 443), that his repetitions of the 
Michelson-Morley" experiment show a small effect due to a rela- 
tively large absolute velocity, can readily be brought into line with 
the views developed here. 

The So-called Lorentz Contraction. — The failure of experiments to 
detect an absolute motion of the earth has been explained above by 
assuming that the earth carries the ether along with it. This assump- 
tion (in a somewhat different form) was put forward very early: in 
the middle of the nineteenth century its chief supporter was Stokes. 
At that time, however, it led to difficulties and could not yield satis- 
* Ger. (J rather: the name is dues to Lknard. 
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factory results, because the ether was thought of as possessing too 
material a character, being supposed to have the properties of a gas, 
a liquid, or a solid, or even of ail three simultaneously. It was a diffi- 
cult matter to- represent the motion of the heavenly bodies through 
this medium in such a way as to account satisfactorily for the pheno- 
menon of aberration, which requires an irrotational motion of the 
medium. Nowadays these difficulties have disappeared in the light of 
our knowledge that the ether, as the medium of electromagnetic 
phenomena, is subject to laws (describable in larger regions by Max- 
wells' equations and in smaller regions by the quantum electro- 
dynamics which is at present in course of construction) quite different 
from those of the particular modification of the ether which we call 
matter. 

In the latter half of the nineteenth century, however, the diffi- 
culties involved in the idea of a carrying-along of the ether (supposed 
to be material) appeared to be so great that preference was given 
to the idea of an ether at rest in space, i.e. of the existence of an ether 
wind at the earth's surface. Even at this time numerous experiments 
had been carried out with the object of demonstrating this ether wind, 
and had all given negative results. This was quite in harmony with 
the current view; for Lorentz showed that the experiments (all of 
which were of the first order) must be quite unaffected by an ether 
wind of the kind sought for, at least so far as first-order effects are 
concerned. Thus there was no evidence against the idea of the ether 
being at rest in space, and this became generally accepted. Not until 
the unexpected negative result of the Michelson-Morley experi- 
ment, which was of the second order, did serious difficulties arise. 
Nevertheless, the current materialistic views about the ether were so 
firmly rooted that it was considered necessary to reject the solution 
which assumes that the ether is carried along by the earth. Although 
this assumption is now quite natural, the historical development of 
the subject is a most potent factor in current opinion. 

How is it possible for the Mtchelson-Morley experiment to give 
a negative result in spite of an ether wind? An answer to this question 
was given by Fitzgerald * in 1891. Since there is no doubt that the 
distribution of the fields of force is affected (p. 228), the forces holding 
a body together may be altered by the motion of the body through 
the ether. Fitzgerald suggested that this alteration may be such 
as to cause a shortening of that arm of the Michelson apparatus which 
is parallel to the direction of motion, the extent of the shortening 
being exactly sufficient to counteract the extra time which the light 
would take in consequence of the other wind (p. 437). In 1895 Lorentz 
worked out this idea systematic ally, and this shortening of all lengths 

* Ghowjk Fkaxcis FiTZti erali) (1851—1901), Professor of Natural Philosophy at 
Trinity College, Dublin. 
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as a result o£ motion is usually referred to as the Lorentz contraction. 

Every length l in the direction of motion is supposed to be 
shortened to l 's/I — (v 2 /c 2 ). Hence in the calculation of p. 436 the 
length of the arm GS X must be equated to this expression, whereas the 
length 2s (which is approximately at right angles to the direction of 
motion) is altered by only a negligible amount. Hence we have 



The times taken by the light to travel to and fro along the two arms 
are thus equal/ and no displacement of the interference fringes as 
compared with the case in which the apparatus is at rest is to be 
observed. (See p. 454.) 

Experimental Decision between the Two Alternative Theories. — It 

is possible in principle, to decide between the two alternative views 
(a) that the ether is carried along by the earth and (6) that the ether 
is everywhere in a state of absolute rest. The decision could be 
obtained by carrying out an experiment of the second order (e.g. the 
Michelson experiment) with a system moving relatively to the earth’s 
surface. If the first view is correct, such an experiment must give a 
positive result; if the second view is correct, the result must be nega- 
tive. In the present state of our knowledge we cannot predict what 
the result will be, and the performance of the experiment is for the 
time being technically impossible. We may adopt the assumption that 
the ether is carried along by the earth, both because of Its greater sim- 
plicity and also because the other alternative presents certain diffi- 
culties which will be discussed below. 

The Relativity Principle. — It is unsatisfactory that (as has been 
shown by Laue) the assumption of a Lorentz contraction is not suffi- 
cient by itself to account for the negative result of the Trouton- 
Noble condenser experiment: it is necessary to make the additional 
assumption that the electrostatic forces are affected in a certain way 
by the motion. The idea of the earth carrying along the ether being 
thought untenable for the reasons mentioned on p. 447, this unsatis- 
factory state of affairs demanded a new kind of explanation. A solu- 
tion of the difficulty was given by Einstein * in his so-called relativity 

* Albert Eixstetn, a German -Swiss, born in 1879 in Wurtombor*' of Jewish parents. 
After holding a post as teacher of mathematics and physios at the Polytechnic: School of 
Zurich, he became an examiner of patents in Herne* from 1901 to 1909. During this time 
he took his Doctorate at the University of Zurich, and on the merit of his research was 
appointed extraordinary professor of theoretical physics there. In 19 1 I he went to 
Prague as professor of physics, but returned the next year to the* Zurich Polytechnic. 
His work attracted so much attention that in 1919 ho was made Director of the Kaiser- 
Wilhelm Institut at Berlin. Since 1989 he has boon in the l-.S.A. as professor of mathe- 
matics at the Institute for Advanced Study in Princeton. His well-known work upon 
the theory of relativity was commenced in 1905, the so-called special theory of rela- 
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theory . He attempted to construct a consistent representation of the 
electrodynamics of moving media on the basis of two fundamental 
postulates: (1) The velocity of light as measured in a vacuum is always 
c, no matter what the state of motion of the observer. (2) The principle 
of relativity is a completely universal law of nature. Before discussing 
the second postulate, we must inquire briefly into the nature of the 
principle of relativity, which is of importance even in classical mechanics. 

Consider a ball which is thrown upwards by a person travelling in 
a railway carriage with uniform velocity along a straight track. As 
observed by the person in the carriage the motion of the ball is just the 
same as if the carriage were at rest. When the ball is thrown vertically 
upwards, it is observed to fall vertically downwards again. Although 
the track of the ball is a straight line, as viewed by the person in the 
carriage, as viewed by a person standing beside the railway line it is 
a parabola. This latter observer could photograph the parabola and 
hence determine the velocity of the train relative to the ground. On 
the other hand, the observer who is travelling in the train cannot 
possibly deduce anything about his own uniform rectilinear motion 
from the behaviour of the ball. As a fact of experience, there is no 
mechanical process at all by which he could detect this motion. 

But whenever the train goes round a curve or has its velocity 
accelerated or retarded, the ball no longer falls vertically downwards. 
Non-uniform motion can thus be detected by observations carried out 
within the moving system. Hence the relativity principle of mechanics 
only holds for uniform motion in a straight line: 

The uniform rectilinear motion of a system cannot be detected by 
means of any mechanical process taking place within the system. 

A mechanical process may be represented quantitatively with the 
help of a system of co-ordinates (so-called frame of reference) connected 
rigidly with the observer. The principle of relativity may then be 
expressed in the following form: All the laws of mechanics are entirely 
unaffected by a uniform rectilinear motion of the system of co-ordinates 
to which they are referred. 

Suppose that the person in the train throws the ball forward with 
the velocity u (relative to himself) in the direction of motion of the 
train. As observed by the person standing beside the line, relative to 
whom the train is moving with the velocity v, the velocity of the ball 
is v -f- u. This is an instance of the so-called composition of velocities, 
which has been discussed at length in Yol. I, p. 37. 


tivity being followed up in 1915 by the general theory and in 1929 by the unified field 
theory, the latter being an attempt to construct a mathematical formulation covering 
the laws of electromagnetism and of gravitation. He has also made important and 
fundamental contributions to many other departments of physics, including the 
theory of the Brownian movement, the photoelectric* effect, and the variation of 
specific heat with temperature. Kixstein is widely acknowledged to he one of the 
most, brilliant of living theoretical physicists, and received the Nobel Brize in 1921. 
(f-ur>7) _ 30 
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An example may be given to illustrate the applicability of the relativity 
principle in mechanics. Consider two elastic spheres of masses m 1 and m 2 , moving 
with the velocities u x and respectively in the ^-direction of a certain frame of 
reference. Suppose that the spheres collide, and let the velocities after the col- 
lision be respectively v x and v 2 . Then by the principle of the conservation of energy 
we have 

+ l yrwu* 1 = d- -Jm 2 n, 2 . 

Now consider the process relative to a frame of reference which is moving with 
the velocity V relative to the first, and also in the direction of its x- axis. Accord- 
ing to the principle of the composition of velocities, the velocities relative to this 
new frame of reference are respectively u x — V, u. 2 — V, v x — V, and v 2 — V. 
Now the relativity principle states that the principle of the conservation of energy 
is still valid for moving frames of reference, so that we must have 

\m x {u x — V) 2 4- im 2 (u 2 — V) 2 = lrn^v x — V) 2 -{- > 2 (v 2 — V) 2 . 
Subtracting the equation previously obtained, we arrive at the relation 

m x U x + JWjttg — m i v i ”f" 

But this is the principle of the conservation of momentum. Thus from the prin- 
ciples of the conservation of energy and momentum in the first frame of reference 
it follows that the principle of the conservation of energy must also hold for the 
second frame of reference, as is required by the relativity principle. 

Relativity of Electromagnetic Processes. — As lias been pointed out 
on a number of previous occasions, electromagnetic effects are also 
determined solely by relative motion. 

We shall consider this in more detail in the particular case of W. Wien’s 
experiment (p. 438). Imagine a particle with an electric charge at rest relative 
to the ether, and let a magnetic field (e.g. that of a bar magnet) be moved past 
it (fig. 17). Owing to its motion through the ether, the magnet is surrounded 
by a rotational electric field in addition to its own magnetic field. The electric 
field in the neighbourhood of the charged particle is therefore 1 ; modified by the 
motion of the magnet. In the particular case of an atom, this modification can 
be detected by means of the Stark effect on the light emitted by the atom. The 
two electric fields — that of the charged particle and that of the moving magnet — 
give rise to a mechanical interaction. The electric field of the magnet urges the 
charged particle up out of the plane of fig. 17. By the principle of action and 
reaction the magnet is subjected to a turning moment which tends to urge the 
N-pole down through the plane of fig. 17 and the S-poIe up out of this plant 1 . 
These forces acting upon the magnet mean that there must be a magnetic field 
superimposed upon that of the magnet itself. 

Now consider the same relative motion, hut this time (fig. 18) let the magnet 
be at rest relative to the ether and let the charged particle he moved past it as 
shown. On account of its motion the electric charge is surrounded by a rotational 
magnetic field which tends to urge the N-pole of the magnet down through the 
plane of the figure and the S-pole up out of this plane. By the principle of action 
and reaction, the charged particle is acted on by a force urging it up out of the 
plane of the figure. This means that there must be an electric field superimposed 
on that of the charge itself. In the case of an atom this modification of the electric 
field can he detected by the Stark effect on the light emitted by the atom, and it 
is this effect that \V. Wien measured in his experiment. 



THE PROBLEM OF ABSOLUTE MOTION 


451 


We see that the interaction between charged particle and magnet is the same 
in both cases. This interaction is determined solely by the relative motion. 



Fig. 17. — Interaction between a Fig. 18. — Interaction between a 

moving magnet and a charged par- moving charged particle and a 

tide at rest. magnet at rest. 


The above example concerns a special case in that in both fig. 17 
and fig. 18 one of the two systems (charged particle or magnet) was 
assumed to be at rest relative to the ether. We have now to inquire 
what difference is introduced when both systems have an additional 
common velocity relative to the ether, as when the whole experiment 
is carried out in a moving railway carriage. Let us suppose, for instance, 
that the whole of fig. 17 or 18 is moving through the ether towards 
the right. Then in consequence of this motion the magnet becomes 
surrounded by an additional rotational electric field in the sense oppo- 
site to that shown in fig. 17, while the charged particle becomes sur- 
rounded by an additional rotational magnetic field in the same sense as 
that shown in fig. 18. The full discussion shows that these two effects 
exactly cancel out, so that we are left with the same interaction as 
before. This is only true, however, provided we confine our attention 
to quantities of the first order. It was shown by Lorentz (compare 
p. 439) that second-order effects are to be anticipated, on account of 
the finite velocity of propagation of the alterations of the electro- 
magnetic forces. 

Thus the relativity principle is valid for electromagnetic processes, 
so far as effects of the first order are concerned . 

We have already seen (p. 431) that this includes optical processes. 

But the negative results of the M ic h k lson-Moklk v and Teouton- 
Noule experiments indicate that the motion of the earth produces 
no effect, even of the second order. It was this which led Einstein 
to his generalized postulate that the relativity principle is valid for all 
physical processes. 
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Hypothetical Character of the Relativity Principle. — This generaliza- 
tion of the relativity principle by Einstein is purely hypothetical in 
character. It involves the assumption that the Michelson experiment 
would give a negative result if performed with an apparatus in uniform 
rectilinear motion, e.g. in a laboratory moving relative to the earth’s 
surface. An experiment of this kind has never been performed and the 
result is at present quite an open question. There is not even any 
indirect evidence for a negative result such as is required by the rela- 
tivity theory. Nor has any other experiment so far been devised 
which can allow of a decision between the two alternative views, 
(a) that the ether is carried along by the earth and ( b ) that the rela- 
tivity principle is of general validity. 

4. The Lorentz Transformation, and Einstein’s Theory of 
Relativity 

A short account may be given here of the interpretation which 
Einstein gave of the result of the Michelson-Morley experiment, and 
which forms the foundation of his “ special theory ?? of relativity. 

We know that if a frame of reference in which the space and time 
co-ordinates of an event are x y' , z\ t' is moving with constant velocity 
v in the direction of the axis of x relative to another frame in which 
the co-ordinates of the same event are x , y 7 2 , t, then the equations 
connecting the two sets of co-ordinates may be taken, in Newtonian 
mechanics, to be 

x’ = x — vt> y' — y, z' — z, t’ = t. 

Now suppose that a wave of light, at the moment when the two origins 
coincide (i.e. when all the co-ordinates are zero), starts from the com- 
mon origin. Then the co-ordinates of a point (x, y , z) in the wave front 
at time t satisfy the equation 

x 2 + y 2 + £ 2 = c 2 t 2 , 

for this is the equation of a sphere of radius ct with centre at O the 
origin. In terms of x r , y\ t' , this equation becomes 

(x f -f vt ) 2 + y ' 2 + 2 ' 2 = c 2 t' 2 . 

This is not the equation of a sphere with centre? at x' = 0, y' — (), 
z ' = 0. Einstein says that it ought to be so, i.e. that we ought to have 

x' 2 -f~ y' 2 -f- z' 2 --- cH ' 2 , 

since the Michelson-Morley experiment shows that the velocity of light 
is the same in all directions, to the second observer as well as to the 
first. 

There is a set of equations, however, which will secure this result, 
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when they are taken as the equations transforming from the one set 
of axes to the other. These equations had been used a great deal by 
Lorentz and Larmor in their researches in electromagnetism, and 
hence are known as the Larmor -Lorentz transformation, or simply 
the Lorentz transformation. The equations are 


vt 


vxi — v^/c 2 y 

t — vxfc 2 

V(i — v*/(?y 


y 


It can be verified in a moment that they do actually give 
x ' 2 -f- y ' 2 -f- z ' 2 — c 2 t ' 2 = x 2 + y 2 -f- z 2 — cH 2 . 


An important point is that the equations still remain true if the 
accented and non-accented letters are interchanged, provided at 
the same time v is replaced by ( — v). Further, if (X, Y, Z, T) and 
(X', Y', Z', T') are the co-ordinates of a second event in the respective 
systems, and if we write Sx for X — S t for T — t, and so on, we 
get at once by writing down the equations for the second event, 
and subtracting the original equations from them, 


8a/ = 


Sx — v St 

V(i — v 2 jc 2 y 


By' = By, Sz' — Sz, 


-j , St — vSxfc 2 

bt ~~ V(i — v 2 !<?Y 


Hence, in the same way as with the co-ordinates themselves, we have 
Sa / 2 + S y ' 2 + Ss ' 2 — c 2 St ' 2 = Sx 2 + Sy 2 + Sz 2 — c 2 St 2 . 


In ordinary Newtonian mechanics, in which St' — St, this becomes 

Sx ' 2 -f- Sy ' 2 -f- Sz ' 2 — Sx 2 -f- Sy 2 -f- Sz 2 , 

which simply states that the distance between the two events has the 
same value in the two systems. The similarity between these two last 
equations led Minkowski to regard ^/(S ;*: 2 -f- Sy 2 Sz 2 — c 2 St 2 ) as a 
sort of distance, usually called the interval , between the two events in 
the four-dimensional continuum made up of space and time, and 
generally called space-time . The interval between two events, like the 
distance between two points in ordinary geometry, has therefore an 
absolute significance, since the expression for it has the same form in 
all co-ordinate frames in uniform motion relative to each other. 

The outstanding feature of Einstein’s interpretation of the Lorentz 
transformation is that it denies the existence of one absolute time, tile 
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same for all observers. Two observers in relative motion make different 
estimates, not only of the place, but also of the time, at which an 
event occurs. 

The explanation of the Lorentz-Fitzgerald contraction (p. 447), 
on Einstein’s theory, is this. Let the observer A, whose co-ordinates 
are x, y , z, t , observe two points at the same moment by his clock (so 
that St = 0), and let him estimate the distance between them as Sx. 
The equation 

0 , Sx — v St 

- V(1 — ^W) 

then gives 

v , Sx 

^ ~~ V(1 - V 2 /C2)’ 
or 

Sx — VXl — v 2 /c 2 )8x\ 

Now Sx' is the distance, or length, as estimated by the second observer 
B. Hence A’s estimate of the length is shorter than B’s in the ratio 
- y/(l — v 2 /c 2 ) : 1. This is the Lorentz contraction. 

Similarly, let A estimate the interval of time between two events 
to be St, and let these events in his view be at the same place, so that 
Sx — 0. Then the equation for St' gives 


Thus B considers the interval of time to be longer than A’s estimate 
in the ratio 1 : \/(l — v 2 /c 2 ). 

Another striking feature of Einstein’s theory is its treatment of 
relative velocity. In ordinary kinematics, if A estimates the velocity 
of a moving point along the axis of x as V, then B will estimate it as 
V — v; that is to say, we have 

Sx' Sx 
St' ~~ St ~ v - 

I n Einstein’s theory, however, we have, by the equations for Sx' 
and St' written down above 

Sx' 

St' 

which is not the same as before, unless e is infinitely great. 

According to Einstein, this equation explains the real origin of 
Fresnel’s " coefficient of drag ” (p. 427). Thus, if the velocity of light 


Sx 

St 


— v 


Sx / 

- * ul c - 
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in a body to which the observer A is attached is c' = cjn , where n is 
the index of refraction of the body, and if the co-ordinates refer to the 
front of a light wave, then Sx/S t = cjn. Hence 

Sx' cjn — v 

~8t' 1 — vjnc 

= ( cjn — v)(l + vjnc) 


approximately, if vjc is small; that is, 

Sx' c 
W ~n~~ V 


v 



omitting the term in v 2 ; or 

Sx' c 

8t' n 

Since the body is moving with velocity ( — v) relative to B, this is pre- 
cisely Fresnel's result for the velocity of light in the body, as estimated 
by B. 

The “ special ” theory of relativity refers to empty space, the 
effects of gravitation or other disturbing influences being neglected. 
Einstein afterwards developed a “ general 55 theory, in which these 
influences are taken into account. As in the simple limiting case with 
which we have been dealing, there is still supposed to be an absolute 
“ interval ” between two events. The expression for the interval, how- 
ever, has a much more general form than ^/(8x^-\~ Sy 2 -j- Sz 2 — c 2 S^ 2 ), 
though it is still a quadratic function of the differentials of the co- 
ordinates. The nature of this function, as also the paths, in space-time, 
of material bodies, and of light, are determined by conditions speci- 
fied by Einstein. Those conditions are of invariant form; that is to 
say, all observers, no matter what co-ordinates in space-time they 
may happen to have selected, will derive the same physical results 
from the conditions specified. 

The law of gravitation so derived is, in simple cases, very nearly 
the same as Newton's law. In fact, Einstein was able to explain by 
his theory some phenomena which could not be explained by the. 
ordinary Newtonian dynamics. 

There is still a good deal of discussion about the exact status of 
the theory, but the great majority of physicists seem to be agreed in 
accepting both the special and the general theory in principle, and in 
using them as the basis of much of their theoretical work. 




CHAPTER IX 


Matter and Energy in the Universe 

1. The Stars and the Universe 

The Stellar State of Matter. — Next to the earth, the most important 
heavenly body for ns is the sun (fig. 1). This sphere of matter, which 
has a mass of 1*94 X 10 33 gm. and a surface temperature of about 
6000° C., hangs in space at a mean distance of 149,500,000 kilometres 
from us. All life on the earth depends for its continuance on the stream 
of energy sent out by the sun. The total rate of radiation from the sun 
amounts to 9*1 X 10 25 cal. per second or 3*8 X 10 33 ergs per second. 
According to the relationship E = me 2 , this is equivalent to a mass 
of 4-22 X 10 12 gm. per second or 133 X 10 12 tons per year. We now 
know from the most varied geological evidence that this rate of radia- 
tion has been constant for hundreds of millions of years. In a body 
like the sun, therefore, we encounter matter in a steady state quite 
different from that of the ordinary bodies which we investigate in 
terrestrial laboratories. 

The question of the source of this enormous stream of energy has always 
been a subject of human speculation, but more especially since the recognition 
of the principle of the conservation of energy. The kinetic energy of cosmic 
material bodies falling into the sun is quite insufficient; for the terminal velocity 
of a body falling freely towards the sun is only about 600 kilometres per second 
at the sun’s surface, so that meteorites with a total mass of about one-hundredth 
of that of the earth would have to fall into the sun every year in order to account 
for the observed emission of energy. According to Kepler’s laws (VoL I, p. 171), 
however, this would have resulted in a shortening of our year by about 42 days 
during the last 2000 years, which is not in agreement with observation. Nor can 
the emission of energy be explained as due to a condensation of the sun’s material, 
i.e. a transformation of its potential energy in consequence of a shrinkage of its 
volume. Helmholtz calculated that this explanation would mean that the w hole 
history of the sun’s development up to its present state must have taken only 
50 million years. In the light of our present knowledge this is certainly much 
too short a time for the evolution of the solar system. The energy of chemical 
processes of the kind known on earth is likewise insufficient, if the sun wen* com- 
posed entirely of pure carbon and oxygen, its combustion would only suffice to 
maintain the observed rate of emission for a few thousands of years. 

It is probable, therefore, that the much more energetic nuclear atomic pro- 
cesses (p. 231), similar to the many cases of atomic transmutation which arc* now 
known, may lie involved; though it appears that even this source* of energy, 
which amounts to about one-thousandth of the masses involved, is insufficient. 

4-50 r 
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This leads to the assumption that processes occur in which material mass is still 
more completely converted into radiation. According to the relation E = me 2 , 
the rate of radiation from the sun is equivalent to a mass of 1-33 X I0 20 gm. per 
year, so that (if we assume a constant rate of radiation) its total mass would last 
for 1*5 X 10 13 years. The age of the sun is estimated to be about I0 10 years, so 



Fig. I. — The sun, showing- sun-spots and faculae (bright areas). From a photograph taken at 

Mount Wilson Observatory 


[From Graff, Grutidriss der Astrophysik (B. G. Teubner, Leipzig).] 

that so far it has radiated away only about one-thousandth of its original mass. 
Such complete transformations of mass into radiation are not known in our 
laboratories so far, and wc must therefore wait for further knowledge. It. is bv 
no means inconceivable, for instance, that the energy radiated from stars is 
derived from some external supply hitherto unknown to us, rather than from 
the annihilation of the actual stellar material. 

The Fixed Stars.— As was suspected by Giordano JJritno,* out sun 

* Giordano Bruno (area 1 a4S- 1 (iOO), an Italian philosopher. Forced to leave Italy 
on account of his religious views, he travelled throughout Europe, visiting England 
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is only one of an enormous number of similar heavenly bodies, the 
stars. Some of the most important modern evidence for this is derived 
from the spectra of the stars (fig. 2), many of which are very accurately 
known. By methods which cannot be discussed here it has been found 
possible to determine the distances, surface temperatures, sizes, and 

masses of many stars. One very 
important result that emerges is that 
the masses of the stars which we can 
observe by the light they emit are of the 
order of magnitude of 10 33 to 10 34 gm. 
This is only a rough mean value, but 
departures from it by a factor of 
more than 100 are very rare. Why 
is it, then, that a mass of this par- 
ticular magnitude corresponds to a 
stable, luminous system? 

The most probable picture of a 
star according to our present-day 
knowledge is as follows. Matter 
condenses into a ball, and this gives 
rise to a high temperature. Even the 
transformation of potential energy 
would lead to this result; though, as 
we pointed out above, this libera- 
tion of energy is by no means suffi- 
cient to account for the observed 
facts, and it is necessary to assume 
much more energetic intra-atomic 
processes taking place at the high 
temperatures and pressures of the 
interior of the shrinking ball of gas. 
The system so formed, which may 
have an internal temperature of 
several million degrees, cannot hold 
together indefinitely, because the 
rising temperature brings into action 
forces which tend to drive the 1 , matter 
outw r ards and cause it to disperse. 
These are the forces of radiation pressure. 

Using ^data either following from or consistent with modern obser- 
vations, Eddington * has calculated the way in which the temperature 
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158.;} 5. On his return to hi.s native land he was captured by the inquisition, and after 
seven years’ imprisonment was burnt at tin 1 stake. 

* iSir Arthur Kudington, born 18H2; Professor of Astronomy and Director of the 
Observatory at Cambridge; knighted in !<):}<). 
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and pressure in the interior of such a shrinking ball of gas must depend 
on the total mass. He arrives at the striking result that for a mass of 
the order of magnitude of 10 34 gm. the internal temperature will be 
such that the radiation pressure will just balance the material pressure 
(i.e. gravitation minus gas pressure). Stars of larger mass than this 
would be “ blown up ” as a result of radiation pressure. (The radiation 
pressure, being proportional to the energy-density, increases with the 
fourth power of the temperature (p. 145)). This result applies, inde- 



Fig. 3. — The Milky Way in Cepheus and Cygnus (after M. Wolf) 
From Ciraff, CJrundriss der Astrophysik (li. O. Teubner, Leipzig).] 


pendently of density and composition, for a molecular weight of 
approximately 4, such as may be assumed from the present evidence. 

Thus we can understand the existence of the stars, regarding them 
as assemblages of matter whose form, as far as we can say at present, 
is maintained by the equilibrium of radiation pressure and gravi- 
tational forces, in somewhat the same way as the shape of a drop of 
mercury lying on the laboratory table is maintained by the equilibrium 
of surface tension and gravitational forces. In any caste in view of 1 he 
enormous number of the stars (iig. and the relatively small size* and 
probably also relatively small number of the planets resembling the 
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earth, the modification of matter with which we are ordinarily con- 
cerned in terrestrial experiments is probably to be regarded as an 
exception of extremely rare occurrence in the universe. 

Other Modifications of Matter. — Matter can exist in the universe 
in yet other forms. Enormous regions of space are filled with gases, 
some of which are excited to luminosity by electrical influences (fig. 4). 



Pig. 4. — Luminous and dark nebulae to the south of £-Grionis (after Tvl. Wolf) 
[From Graff, Grundriss der Astrophysik (B. Cl. Tcubner, Leipzig 1 ).] 


Clouds of dust, some illuminated by neighbouring stars, others dark, 
are also found in the universe. In addition, it is probable that the whole 
of space, at least in the neighbourhood of our galactic, system, is filled 
with very rarefied gas (about 1 atom per cubit* centimetre: possibly 
Ca and Ka). 

Higher Cosmic Systems. — In recent times various methods have 
been worked out whereby the distances of stars situated extremely far 
away can be determined. These methods furnish some idea of the dis- 
tribution of stars in space. It is found that the stars an? grouped in 
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assemblages, so-called globular star clusters (fig. 5) or spiral nebulae 
(figs. 6 and 7). Thus our sun, together with the stars which we see as 
the Milky Way, belong to a larger system comprising about 3 X 10 9 
suns. This system, which may have a form resembling that of a spiral 
nebula, has a maximum extent of about 30,000 light-years.* The 
globular clusters appear to be assemblages containing some 10 6 suns 
within a volume of some hundred light-years diameter. These clusters 
appear in their turn to form a system co-ordinated with the Milky Way 
and situated at a distance of about 20,000 light-years from it. The 
spiral nebulae are separated by spaces which are large in comparison 



Fig. 5. — Globular cluster M iz in Ophxuchus 
[From Graff, Grundriss der Astrophysik (B, G. Teubner, Leipzig).] 


with the extent of the systems. One of the nearest of them is the 
nebula in Andromeda, which is just visible to the unaided eye. Its 
distance from us is about a million light-years, and its diameter in the 
direction of its major axis is about 50,000 light-years, i.e. about the 
same as that of the Milky Way system (galactic system) to which we 
and our sun belong. 

Up to the present, systems of these kinds have been observed with 
some certainty up to distances of several hundred million light-years. 
Our knowledge, however, is as yet insufficient to enable us to under- 
stand why matter should arrange itself to form globular star clusters 
or nebula). 

* 1 1 is customary to measure astronomical distances in li^ht -years. One- Ji^rht-yeur 
is the distance travelled by litjjht in one year, i.e. !)■;>.- I O' 6 cm. or 0 10 1 - (six million 

million) miles. 
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Super-galactic Systems. — It appears that spiral nebulae are in turn 
grouped into systems separated by distances which are great in com- 
parison with the size of the individual systems. Among others, mention 
may be made of such a grouping of about 100 nebulae in the neigh- 
bourhood of the Pole Star. These nebulae, which are at enormous 



Fig. 6-— Spiral nebula M ioi in Ursa Major (after M. Wolf) 
[From Graff, Grundriss der Astrophysik (B, Ci. 'Teubncr, JLeipxig).] 


distances from us (of the order of 10 s light-years), are all confined to 
an area of the heavens equal to one-twelfth of that of the full moon. 

One of the most remarkable observations is that the lines in the 
spectra of these nebulae exhibit very marked and regular displacements 
towards the red. The displacements are such that the frequencies of 
all the lines are diminished in the same ratio. Also, the greater the 
distance of a nebula from us, the greater is the diminution of frequency 



463 


THE STARS AND THE UNIVERSE 

(fig. 8). We are still ignorant of the cause of this phenomenon whether 
at these tremendous distances the velocity of light has different values 



Pig.. — Spiral nebula (galactic system) as seen from the side. Photograph of the 
system NGC3115 in. Sextans, taken at the Mount Wilson Observatory 

[From Graff, Grundriss der Astrophysik (B. G. Teubner, Leipzig).] 

or whether the light is modified in the course of its journey lasting 
hundreds of millions of years. The displacements can be interpreted 
as a Doppler effect, in which case we are led to the conclusion that the 



Fig. 8 . — Relation between the frequency shift of the light from spiral nebulae and their 
distance. The frequency shifts are plotted as velocities, i.e. those velocities which would give 
rise to an equivalent Doppler effect. 


nebulae must be receding rapidly from us (a so-called expansion of the 
universe-- cf. fig. 8). In the present state of our knowledge, however, 
it is quite impossible to estimate the probability of this interpretation 
being the correct one. 
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Table oe Physical Constants 


Velocity of light 
fundamental electric constant 

fundamental magnetic constant . . 
Electronic charge 


Electronic mass 

Specific electronic charge . . 


Planck’s constant 

Mass of the proton 

Ratio of mass of electron to mass of 
proton 

Mass of the hydrogen atom 
Mass of the oc-particle 
Avogadro’s number . . 

Gas constant 


c = (2*99796 ± 0*00004) X 10 10 cm. sec.- 1 . 

K 0 =0-886 x 10-» 

volt/cm. 


^*0 


1*257 X 10-s 


volt sec. /cm. 2 
amp.-turns/cm.' 

(1*5911 ± 0*0016) x 10“ 19 abs. coulomb. 

(4*770 dz 0*005) X 10~ 10 abs. electro- 
static units. 


?n 0 = (9*035 dz 0*01) X 10~ 28 gm. 

e/m 0 — (1-761 dz 0*001) x 10 s coulomb gm. -1 . 

= (5-279 ± 0*003) X 10 17 abs. electro- 
static units gmr 1 . 

h = (6*547 ± 0*008) X 10“ 27 erg sec. 

h/( 2tc) = (1*0420 dz 0-0013) X 10~ 27 erg sec. 

w P = (1*6609 dz 0*0017) X 10“ 24 gm. 


m fl /m P = 1/1830. 

m K = (1-6618 dz 0-0017) X 10~ 24 gm. 
m a — (6*598 dz 0*007) X 10~ 24 gm. 

1ST = (0*6064 dz 0*0006) X I0 24 mol" 1 . 

R () = (8*3136 dz 0*001) X 10 7 ergs degree- 1 
mol- 1 . 


Boltzmann’s constant 
Rydberg constant . . 


Radiation constant . . 
Stefan’s constant 

Fine-structure constant 


k **= (1*3709 dz 0*00] 4) X 10~ 16 erg degree- 1 . 
R h = 109677-759 dz 0 05 cm "h 
= 109722-403 dz 0*05 cm.- 1 . 

R^c = (3*28988 dz 0-00004) X 10 15 sec.- 1 . 
c. z = 1*432 dz 0-003 cm. degree. 

a = (5-735 d: 0*011) x 10~ 5 erg cm.- 2 
degree -4 sec.— 1 . 


2tl<? 2 

he 


a — (7-284 dz 0*006) 


io- 3 . 


Doublet constant 
Rohr magneton 

Zeeman splitting . . 

Radius of first circular orbit of the 
hydrogen atom 


1/a = 137*29 ;h 0*11. 

R.^ot 2 =5-822 dz 0*009 cm.— 1 . 

[Ab = (0-920 = b 0-002) x 10~ 20 erg gauss" 1 . 

Av _ e/m = (4 ., ;74 ,|_ ( ).0O3) >; 10 cm. 1 
H 4770 KftUKH- 1 . 

f , 0 = (0-5285 ± 0-004) . 10-“ cm. 
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Diameters, atomic, 92. 

Diamond, structure of, 405. 

Dielectric strength of crystals, 41 x. 
Diffraction, atomic, 422. 

— by crystals, 404. 

— electron, and magnet, 249. 

by gases, 251. 

— of atomic rays, 256. 

— of cathode rays, 247 et seq. 

— — of electrons, 244. 

— of protons, 257. 

— of X-rays, 63 et seq . 

Diplogen, 96. 

Dipole moments, 397, 401, 402, 418. 
Dipoles, associated, 402. 

Dirac, 201, 274. 

Displacement law, 26, 93, 289. 

Dissociation, 391—5. 

Dobrowavoff, 239. 

Donat, 1 61. 

Doppler effect, 155, 159, 162, 219—21, 223, 
233, 240-3, 35 1 » 430 , 421, 424, 425, 
427, 428, 463. 
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Dorn, E. F., 12. 

Douane, 53. 

Double star, 424, 426. 

Doublets, 277— 81, 289, 328, 329. 

— notation for, 321. 

— screening, 298. 

— spin, 298. 

Doubling (isotopes), 369. 

Dulong and Petit, 412, 421. 

Dumb-bell molecule, 376. 

Dymond, 255, 256. 

Dynamid, 44, in. 

Earth, age of, 32. 

— cpast, elements in, 107. 

Eddington, 458. 

Edge, K, L, M, 60, 61, 75. 

Edlen, 193. 

Ehrenhaft, 239. 

Eichenwald, 438. 

Eigen-function, 262. 

Eigen-value, 262. 

Einspom, 52, 139. 

Einstein, A., 122, 317, 448—55. 

equation (^mn a == hv — p), 121, 122, 176. 

— theory of relativity, 448—55. 

Electric field, and atom, 21 1—4. 
Electrodynamics of moving media, 423. 
Electrolysis, second law of, 1, 2. 
Electrolytes, 404. 

Electron, 2, 3, rg. 

— absorption of, 33, 41—6. 

and shells, table of, 336—8. 

bombardment of, 137—9. 

cloud, radius of, 307. 

collisions, 48, 52. 

diffraction of, 244* 

extra-nuclear, 9 1 - 

— moving, 229. 

— outer, 306. 

passage of, through atoms, 35. 

— positive, 1 14—6. 

— radius of, 44. 

— recoil, 55, 137. 

— reflection of, 252. 

— represented by wave, 257. 

— scattering, 62. 

— secondary, 46. 

— track photographs, 36—9. 

— valency, 306, 307. 

— volt, 178. 

— wave properties of, 243 et seq . 
Electronegative elements, 300. 
Electropositive elements, 300. 

Electro valent compounds, 383. 

Elements, electronic structure of, 336—8. 

— similarities between, 344. 

Ellet, 256. 

Elliptic orbits, 197 et seq. 

Elster, 15, 30, 1 1 8. 
ejm t determination of, 225—7. 

Emanation, 12, 18. 

Emission, by atom, 178, 180. 

— of light, 215, 216, 217. 

Energy and mass, 223 et seq. 

— and the atom, 176. 

— conserved in collisions, 88. 

frequency relation, 59, 176. 

— in elliptic orbit, 198. 

— kinetic, mass of, 227. 

— mass, and weight, 232. 

(E 957) * * 


Energy, methods of expressing, 178, * 79 * 

— of electron, and of radiation, 230. 

permitted, 266, 267, 270. 

— quantized, 188, 190. 

— transformations (electron), 46 et seq. 
Eosint, 164, 165. 

Equipartition of energy, 149. 

Ericson, 193. 

Estermann, 256. 

Ether, 441, 445. 

— drag, 427 et seq . 

wind, 444- 

Euler, 246. 

Exchange energy, 388. 

Exchanges, theory of, 141. 

Excitation, 276. 

— and temperature, 290. 

— function, 139. 

— of X-rays, 291. 

potentials, 52. 

— successive, 157. 

Excited state, 157. 

duration of, 165. 

reaction in, 390. 

Exclusion principle, 330 et seq. t 352. 

(molecules), 378, 380. 

Expansion, thermal, 402. 

Fajans, 26, 93. 

Faraday, Michael, 1, 147, 186, 228. 
Feather, 112, 113. 

Fermat’s principle, 246. 

Fine structure, 200, 201, 222, 285. 

alkali-like, 309, 312—20. 

and nucleus, 360. 

constant, 201, 464. 

of absorption edges, 294. 

Fireflies, 167. 

Fitzgerald, G. F., 439, 447. 

Fizeau’s drag experiment, 427. 
Fluorescein, 164. 

Fluorescence, 9, 155. 

— and foreign gas, 159. 

general, of gases, 157. 

— of solids and liquids, 163—5. 

■ — sensitized, 160—3* 

Fluor spar, fluorescence of, 164. 
Forbidden lines, 196. 

— transitions, 323. 

Fortrat diagram of band, 373, 374. 
Foucault, 426. 

Fourier analysis, 323, 3 55, 365, 368. 

— series, and atom, 196. 

Fowler series, 193. 

Franck, 51, 52, 137, 139. 

Freedom, degrees of, 412. 

Frequencies, inner, 417. 
Frequency-energy relation, 59, 176. 
Fresnel, 427. 

— drag, and relativity, 454. 

— drag coefficient, 427, 428, 430. 
Freundlich, 232. 

Friedrich, 64. 

Front-wall cell, 133. 

Fuchtbauer, 157. 

Gale, 435, 446. 

Gamma rays, 14, 15, 18, 20, 21. 

and neutrons, 113. 

• emission, 358—60. 
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Gamma rays spectra, 21. 

Gamow, 24, 358. 

Gehlhoff, 152. 

Gehrke, 137, 215. 

Geiger, 16, I7> 85, 237. 

— and Marsden’s experiments, 85, So* 

— counter, 16, 19, I33> 237* 

Nuttall law, 23, 358. 

— relation (cl- rays). So, 359- 
Geitel, 15, 30, n8. 

Gerlach, 205, 3*8, 347* 

Germeir, 244, 252. 

Globular cluster, 461. 

Gold, 343* 

Goldschmidt, 107, 407. 

Goucher ? 51. 

Goudsmit, 209, 312. 

Graff, 220, 457 et seq. 

Graphite, structure of, 405. 

Gravitation, and energy, 231, 232. 

— and radiation, 232* 

Gravity, and earth's motion, 444. 

Grimm, 407. 

Grotrian, 278, 281, 283, 284, 286, 288. 
Ground state, 157, 178, 290, 292, 390. 

sodium, 321. 

— terms of elements, 336—8. 

Group velocity, 247* 

GrQneisen's law, 403. 

Gudden, 128, 130, 13 1, 175. 

Guije, 226. 

Haber, 167, 410. 

Hafnium, 342, 343. 

Half-integral values of j, 209. 

life period, 23, 28. 

Halides, alkali, 407. 

Hallwachs, 117. 

Hanle, 139. 

Harkins, 96, 107. 

Harress, 432, 435- 
Hasenohrl, 223, 227. 

Hausser, 175, 216. 

Heat, in radioactivity, 28, 31. 

— of dissociation, 391, 393, 394- 
Heavy hydrogen, 96. 

— water, 96. 

Heisenberg, 275, 326, 330, 388. 

— principle of uncertainty or indeterminacy, 

353 - 6 . 

Heitler, 388. 

Helium, 13, 17. ^ 

— atom, 273, 306, 387. 

— from radium, 22, 29. 

— in the earth, 32. 

— ion, spectrum of, 193, 200. 

— spectrum, 285, 286. 

— terms, 335. 

Helmholtz, 456. 

Henderson, 80. 

Hermitian polynomials, 263. 

Hertz, G„ 96. 

— ¥ II7 ,\ 

— (and Franck), 51, 52, 137. 

Hess, 29. 

Heurlinger, 375. 

Hevesy, ir, 96, 343. 

Hilsch, 130. 

Holborn, 152. 

Honigschmid, 11, 22, 26. 

Hoyt, 297. 


Hughes, 12 r. 

Hund, 330, 380. 

Hunt, 53. 

Hupka, 226. 

Hydrides, nuclear distances in, 399, 400. 
Hydrogen atom, r8r, 

Bohr's, 190. 

oriented, 208, 209. 

— — Schrodinger's, 265—72. 

shape of, 210. 

term scheme, 185. 

— atomic, 169. 

— heavy, 350. 

like elements, 306—12. 

— molecule, 387, 388. 

— Stark effect in, 21 1—4. 

— terms, 335- 
Hydroxyl compounds, 386. 

Hyperfine structure, 222, 350, 351. 


Illingworth, 443- 
Illumination ; 152—4. 

Incoherent light, 215. 

Indeterminacy principle, 353— 6. 

Index, crystal, 69. 

Inert gases, 94, 299. 

Infra-red, crystal vibrations in, 415—8. 
- — reflection, 417. 

Interaction between molecules, 159. 

— in. wave mechanics, 274. 
Interference, 216—9. 

— electron^ 243. 

— on classical theory, 219. 

Interval, 455. 

Inverted term positions, 330. 

Iodine molecule, 392, 393, 394. 

Ionic compounds, 383. 

— distances, 407. 

— radius, 385, 408, 405;. 

Ionization and multiplicities, 329. 

— — and spectra, 276. 

— by a-rays, 8 1. 

— chamber, 35. 

— energy, 122. 

— potential, 49—52, 162, 163, 282, 300. 
tables, 301, 302. 

— spectrometer, 70. 

Ions, deformation of, 386. 

— due to a and £ rays, 81. 

— electrons in, 384. « 

— equilibrium of, 386. 

— forces between, 409. 

— formation of, 54* 

— in electrolysis, 2. 

— packing of, 407. 

— spectra of, 193, 200. 

Iron, crystalline, 407. 

Isobares, 104. 

Isochromatic curve, 147, 149. 

Isotopes, 26, 95. 

— and fine structure, 350. 

— (parabola method), 96—8. 

— table of, 1 03 . 

Isotopy, and doubling, 369. 

Isotropic bodies, 403. 

j\ quantum number, 312. 

Joffd, 239, 41 1. 

Joliot, 111. 

Joos, 443. 
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Ka series formula, 291, 294. 

Kapifcza, 80. 

Kaufmann, 225. 

— experiments, 22,5. 

Keesom, 96. 

Kennedy, 443. 

Kerr cell, 239, 355. 

— effect, 396, 398. 

Kinematics, Einstein’s, 454. 

Kinetic energy, not quantized, 392. 

— theory, and molecules, 396. 

Kirchhoff, 142, 143, 145. 

— radiation law, 142. 

K, L, &c., terms, diagram of, 295, 296. 

K, L, M series, 135. 

K, L, M, N radiation, 73 et seg. 

K, L, M, N, O, P series, 291 et seg. 

K, L, . . shells, 293, 336—8. 

Klatt, 170, 175. 

Knife-edge method, 72. 

Knipping, 64. 

Kossel, 289, 293, 384, 385, 386, 389. . 

— and shells, 384. 

— and X-ray spectra, 293 . 

Krypton, photoelectric effect in, 136. 

K series, 74—8, 291. 

Kunsman, 244. 

Kurlbaum, 145, 152. 

La series formula, 291, 294. 

/, quantum number, 312. 

L radiation, 73 et seg. 

L series, 74—8. 

Lambert’s law, 40. 

Land£ ? 319. 

— splitting factor, 317, 318. 

Lanthanum, 342. 

Larmor, 204, 453. 

Lorentz transformation, 453. 

— precession, 203—5, 348. 

Lattice, body-centred, 406, 407. 

— carbon, 405. 

— crystal, 404 et seg . 

— cubic, 406—8. 

— energy, 409, 412. 

— face-centred, 406, 407. 

— frequencies, 41 8. 

— ionic, 402, 405. 

Lau, 216. 

Laue, 63, 64, 65, 247, 248, 252, 448. 

— photograph, 65, 68. 

Lavanchy, 226. 

Lawson, 29. 

Lead, in radioactivity, 22, 26, 27, 32. 

Least action, 246. 

Lenard, 33, 34, 35 * 36, 40, 4 *» 44 , 4 s , 49 , 
50, 51, 92, nx, 117, 120, 122, 130, 

137, 170, 173, I 74» i 75 , 186, 216, 221, 
' 223, 227, 232, 233, 426, 445, 446. 

— absorption law, 3 3 . 

Levels, energy, 177- 

— X-ray, 295, 296. 

Lewis, G. N., 389. 

Liebisch, 417 - 

Light, and moving source, 424. 

— emission, 176. 

and bombardment, 137. 

in wave mechanics, 272. 

— from atoms, velocity of, 424. 

— sources of, 152—4. 

sum, 173- 


Light, two theories of, 238—43. 

— (wave or quantum), 215, 216. 

— -year, 46 r . 

Limit, of X-ray spectrum, 59. 

— - series, 277, 278, 282. 

Limitation of multiplicity, 333. 

Line, missing, 369. 

Linkages, 387, 388. 

— and spin, 390. 

— anharmonic, 376, 378. 

— London’s theory of, 389—91, 

— molecular, 387. 

Liquid state, 420—2. 

Lithium-like terms, 311. 

Lithium terms, 335. 

Lodge, Sir O., 429, 445. 

— and drag, 429. 

London, 388, 389. 

— theory of linkages, 389—9*. 

Long-range H-particles 88. 

Lonsdale, 405. 

Lorentz, H. A., 229, 428, 439* 446—8, 45 1, 
453 - - 

— contraction, 446, 448. 

Fitzgerald contraction, 454. 

— transformation, 452—5. 

— unit, 318. 

L fO Surdo, 2x2. 

Lucas, 42 r. 

Lummer, 145, 146, 148, 152. 
Liippo-Cramer, 169. 

Lyman series, 183, 193, 194, 282, 290, 291. 

VI radiation, 73 et seg. 

Madelung summation, 409. 

Magnet and charge, 451. 

Magnetic field, atom in, 203, 205—0, 310— 
20. 

I, s y j, in, 316—20. 

non-uniform, 206. 

of moving charge, 228. 

— moments of 10ns, 347, 348, 349. 

— properties, 346. 

Magneton, Bohr, 208, 209, 317. 

Marckwald, W., 22. 

Mark, 251. 

Marsden, 82, 85, 88, 108. 

Mass and energy, 223 et seg. 

— and velocity, 325—9. 

— as energy, 230 et seg. 

— defect, 104, 105. 

— of electron, variable, 200, 201, 253. 

— of energy of light, 223, 324. 

— of kinetic energy, 227. 

— spectra, 101. 

— spectrograph, 99. 

Matrix, 275. 

Maupertuis, 246. 

Maxwell, 147, 150, 186, 195, 228. 

Boltzmann distribution, 150. 

law, 4x3. 

— equations, 353, 439- 

— on uniform motion, 436. 

Meitner, L., 19, 21. 

Melting, cause of, 403. 

— points, 8. 

Mendeleeff, 5, 94. 

Mercury, term diagram, 284, 285. 

Merrit, 165. 

Metastable states, 287, 290, 292. 

Meyer, E., 240. 
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Meyer, Lothar, 5, 94. 

Michelson, A- A., 247, 427* 43 5 > 442, 443 - 

— and Gale’s experiment, 435, 446. 

— interferometer 436. 

Morley experiment, 427* 43 ^, 44 2 , 44 3 » 

446, 447, 450, 452- 
Microcrystals, 403. 

Microscope, y-ray, 353. 

Milky Way, 459, 461. 

Miller, 442, 443, 446. 

Millikan, R. A., 2, 118, 121. 

Minkowski, 453. 

Mitogenetic rays, 167. 

Molecular energy (3 kinds), 371- 

— forces, 401. 

— linkages, 387. 

— structure, 361 et seq. 

Molecules, and kinetic theory, 396. 

— and nuclear moments, 352. 

— atomic distances in, 390, 397* 

— atomic linkages in, 383 et seq. 

- — calculations for, 387. 

— diameter of, 396. 

- — diatomic, data for, 398. 

model of, 363. 

— dipole moment of, 397. 

— distance of approach, 396. 

— electron changes in, 37 1, 39^* 

— electrons in, 378. 

— energy levels of, 371. 

— forces in, 388. 

— moment of inertia of, 397- 

— oscillation of, 403. 

— potential energy in, 388, 394* 395* 

— properties of, 391 et seq. 

— shape of, 397- 

— size and shape of, 395—400* 

— with 3 or 4 atoms, 399. 

Moment, magnetic and mechanical, 317. 
Momentum conserved in collisions, 88. 
Morley, 427. 

— ana Miller, 442. 

Mosaic structure, 4x1. 

Moseley, H. G. J., 75, 76, 87, 92. 

— diagrams, 334, 341. 

Motion and optics, 423. 

— and statical fields, 438. 

— of source of light, 424. 

Mulliken, 378. 

Multiplets, 277. 

Multiplicity, and S, 329. 

— and Pauli’s principle, 333* 

— maximum, 329. 

— term, 299, 328. 

N radiation, 73 et seq . 

Nebulae, 460-3. 

Neon, 339. 

— isotopes of, 96. 

Neumann, 226. 

Neutron, 3, 106, in- 6. 

— and gamma rays, 113. 

— bombardment by, 112, 113. 

— collision with, 1 1 1 , 1 1 2. 

— from beryllium, rn— 4. 

— penetrating power of, 114. 

Nichols, 165. 

Nickel, 341. 

Nitrogen, transformation of, 113. 

Nobel prize, ro, 12, 13, 435, 449. 

Nodal surfaces, 268, 269. 


Non-black bodies, 151. 

Norrehberg, 255. 

Notation for terms, 283. 

Nuclear transformation, artificial, 360. 

- — charges, effective, 294, 305, 309. 

— moments, 351, 3S2. 

— spin, 350, 351. 

Nucleus, 82, 91, 95—116, 186, 

— and radioactivity, 357—60. 

— and spectra, 35:0 et seq. * 

— charge and field of, 87. 

— collisions with, 83—91. 

— distances from, 399, 400. 

— excitation in, 359, 360. 

— in wave mechanics, 357. 

— of finite mass, 192. 

— penetration into, 357. 

— potential near, 350. 

— structure of, 105. 

Observables, 275. 

Occhialini, 115, ri6»‘ 

Octets, 390. 

Olmstead, 185. 

Olson, 256. 

One-electron systems, 193. 

— — states of, 322. 

Optically active, 418. 

— inactive, 418. 

Orbits, elliptic, 197 et seq . 

Orientation of atom, 206. 

— of orbits, 201. 

— permitted, 203. 

Orthohelium, 274, 285. 

Orthohydrogen, 352, 380. 

Oscillators, 412- 

— and quantization, 413. .* 

— in wave mechanics, 263, 265* 

— Planck’s, 149—51. 

— quantum, 187, 188. 

Packets, of energy, 239. 

Paired electrons, 390, 391- 
Palladium, 342- 
Paneth, 343. 

Parabolas (positive ray)* 96, 99. 
Para-hydrogen, 352, 380. 

Parallelism, in wave mechanics, 327. 
Parhelium, 274, 285. 

Paschen, 200, 280. 

Back effect, 317, 318, 319, 325, 349. 

— series, 183, 193, 291. 

Pauli, 331, 378, 380. 

— exclusion principle, 330 et seq. 7 352, 378, 

380. 

Pauling, 270, 303. 

P-branch, 368, 374, 375. 

Pearson, 443. 

Pease, 443. 

Pendulum (straight line) orbits, 197* 
Penetrating orbit, 309, 315. 

Periodic classification, 334. 

— system, 298. 

Bohr’s diagram of, 343 - 

— table, 4—8, 94. 

and radioactivity, 25. 

Periodicity, atomic, 94. 

Permitted ellipses, 197, 199. 

— states, 188, 189. 

Perrin, 90. 

Pfund series, 183. 
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Phase diagrams, 187, 189. 

— integral, 189, 197 - 

Phipps, 208. f- 

Phosphorescence, 15 5 , 166, 170-b. 

— centres, 174- 

— spectra, 4.18. 

Phosphors, 1 25, I 70 ~ 4 - 
Photo-chemical reactions, 100- 
Photoelectric cell, 12,7, * 3 2 * 

— effect, 1 17 et s6< i^ J 38 * 

external, n 7 _2 °- 

internal, 128—33. 

normal, 123- 

selective, 123. 

Photo ^electron, 54 , 55 , 118 et se Q‘> *37 > * 3 %- 

— and direction, 137 - 

— (X-ray), 13476. 

Photography, 169. 

Photon, 233 et se( l’ ^ , . /- 

Physical constants, table, 4.04. 

Piccard, 443 -. 

Pickering series, 193 * 

Pitchblende, 10. 

Planck, Max, 59 . * 47 . * 48 . * 49 . * 5 °. 

tct 187* l88, 221. 

— constant, 59 , x **> * 3 8 » ISX * 353 ’ 

(See Quantum of action n.) 

— radiation law, 148—51. 

Platinum, 343 - 
Pleochroic halos, 33 - 

te n - 7 ?r 4 i 8 ?/ 2 4 , » 8 , 1 * 9 . * 3 °, * 3 *. *69. 
175 - 0 

Polarizability, 39 »- . ^ 

Polarization of electron beams, 255- 
Polonium, 10, 18. 

Polycrystals, 403. 

Pose, r 10. 

Positive rays, 96—100. 

Positron, US- 

— showers of, 11S- ^ 

Possible states (« = 1 to 4 h 333 - 
Potassium, 339 * 

— radioactive, 108. 

— series, 279. 

Potential barrier, 357 * 35 «* 

— energy, molecular, 394 , 395 - 

of two atoms, 389. 

Powder method (X-rays), 73 - 
Precession, of /, s r /, 3 j 6» 3 * 7 * 

— of spins, 325. . 

Pressure of radiation, 223. 

Princfpa^quantum number, 309, 3 2 4 , 3 2 7 - 
Pringsheim, 124, * 45 , * 5 *' 

Probability, and atoms, 217. 

in -wave mechanics, 275. 

Proper functions, 262-5 - 

— values, 262-5. 

— hydrogen atom, 207. 

Proton, 3- 0 

— long-range, 100. 

— radius of, 44 * 

Prout, 3, 95 * 

Proximity effect, 221. 

Pyrometers, optical, 15 3 . 

Pyrometry, IS 2 - 

. Q-branch, 373 - 5 - _ 

Quadruple lines, 282. 


Quanta, 122. __ 

Quantum conditions, 197 * 

— defect, 309, 3 10 * 

— equivalent, 125. 

— light, 123, 151, 333^ seq. 

■ — Ay, 291. 

— (Ay = E a — E 0 ), 177 et seq. 

- — number, 19 1 * 

and shells, 309. 

array of, 275. 

azimuthal, 197 * 

effective, 309, 3 *°- 

for orbit, 202. 

j> 309. 

l y Sy j 9 313 et seq . 

-L> X, J, 330 , 346 . 

magnetic, 318. 

modified, 211. 

principal, 197 , * 99 , 200 » 3 <> 9 * 

radial, 1 97 * 

Schr 6 dinger’s, 267. 

s, p, d,f, 310, . 

symbols (molecules), 379 * 

table of, 332. , 

— of action A, 59, 122, 138, 150, X 5 X * 3[ 7 , 

181, 187, 353 * * 

— theory and light, 215, 3 i 6 . 

yield, 125, 13°, I 3 1 .* 

Quantization of direction, 202. 

Quartets, 329. 

Quintet term, 338. 

Radiation, black-body, 149* 

— characteristic, S 3 * 54 , 5 °> 5 a - 

— classical, from atom, 186, 192, X 95 - 

— damping, 221. 

— equilibrium, 140. 

— fluorescence, 56, 58. 

— K, L, M, N, 56. 

— isothermal, 147* 

— pressure, 223, 458- 

— scattered, 56. 

— secondary, 53, 54 * 

— selective, 151. 

— solar, 456- 

— temperature, i 39 — 4 2 , I 44 * 

Radiator, grey, 1 5 1 • 

Radioactive disintegration, 23. 

— elements, 11, 18. 

— equilibrium, 27* 

— series, 18, 21-7. 

- — substances, table or, 10. 

— transformations, 11 4 , l8 - 
Radioactivity, 9 et se< l' 

— in geology, 3 °, 3 . 3 . 

— in -wave mechanics, 356—00. 
Radiograph, 61. 

Radium, 11 , 18, 344 * 

— A, 14, * 8 . 

— emanation, 12, * 3 , I °* 

— from uranium, 22. 

— heat from, 28. 

— in the earth, 30. 

— transformations of, 22. 

Radius, gas-kinetic, 307- 

— of atom, 300. 

— of orbit, 1 91* 

Radon, 13, * 4 , * 8 > 344 - 
Raman, 380. 

— effect, 380—3. 

in solids, 382. 
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Raman effect, value of, 381. 

— frequencies, 381. 

— lines, 380—3. 

rotational, 381, 382. 

— spectra, 396, 397 * 39 ^, 418. 

Ramsauer, 123. 

— effect, 44. 

Ramsay, Sir W., 13, 17. 

Range, of a-rays, 17, 18, 19. 

Rare earths, 341, 342, 349* 

and magnetism; 348. 

ions, 347, 348. 

Rasetti, 112, 113* 

Ratnowski, 226. 

Rau, 137. 

Rays, cl, £ and y, 14, 15, r8. 

— a, B and y, in radioactivity, 18, 22, 25* 


26- 

R-branch, 368, 374, 375 * 

Reaction, chemical , 390. 

Recoil electron, 237. 

Reflection, coefficient of, 140. 

— of electrons, 252. 

— of light, by waves, 421. 

— total, 357. 

Regener, E., 16. 

Relative motion, 423. 

Relativity, 201, 448. 

— general theory, 455. 

— in electromagnetism, 450. 

— in mechanics, 449. 

— special theory, 452. 

Residual rays, 383, 416, 417. 

Resonance, in wave mechanics, 274, 326, 

388. 

— lines, 138, 155, 156. 

— potential, 49-52, 282. 

hydrogen, 185. 

— radiation, *55* *5^, 15 9* 

— spectrum, 1 58. 

Rest-maas, 226. 

Retarding field, 1 19. 

method, 48, 49* 

Richards, X. W., 27. 

Richtmyer, 61. 

Ritz, 183. 

— terms, 277. 

Rontgen, 438, 446. 

Rose, 87. 

Rosette, 201. 

Rotating crystal, 70, 71* 

Rotation, molecular, 371* 

Rotational states, and nuclear moments, 


Rotator, in wave mechanics, 264, 

— quantum, 187, 189. 

Rowland, 438. 

Rubens, 417. 

Rubidium, 341. 

Ruby, fluorescence of, 164. 

Rupp, 217, 227, 239, 244, 245* 248, 249* 
250, 254, 2 55, 256. 

Russell-Saunders coupling, 328. 
Rutherford, Lord, 12, 16, 17, 21, 72, 80, 
82, 87, 88, 108, 111, 113, 356, 357, 
359* 360. 

Bohr atom, 186. 

Rydberg’s alternation law, 299. 

— constant, 182, 192, 199, 350. 

and e/m, 194. 

corrected, 193, 194. 


Rydberg’s formula, 279. 
— terms, 277. 


S f spin quantum number, 312. 

Sagnac’s experiment, 432—5. 

Scandium, 340. 

Scattering by H and He nuclei, 88. 

— - by light elements, 87. 

— formula, Rutherford’s, 85. 

— large-angle, 82—7- 
— ~ molecular, 381, 

— of a-mys, 81—91. 

— of light by liquids, 420. 

— of X-rays by liquids, 421. 

— Rayleigh, 380, 398. 

Schaefer, 417, 418. 

S chaff ernicht, 139, 444* 

Scherrer, 72, 247, 248. 

Schmidt. G, C., 11. 

Schrodinger. 238, 257, 266, 274, 275. 

- — atom, 21 1. 

— equation, 257 et seq., 273. 

— experiments, 218. 

Schubert, 417* 418. 

Schumann plates, 169. 

Scintillations, 15. 

Screening, 309, 316. 

— constant, 294, 295, 305* 

— doublets, 298. 

— effect, 304, 305- 

— fluorescent, ro, 15. 

Sears, 421. 

Seeliger, 137. 

Seemann, 72. 

Selection rules, 180, 196, 282, 285, 287, 298, 


rr&Jkl'w. 

Selenyi, 2x8. 

Self- reversal, 156, 222. 
Series, and terms, 182. 


— Bergmann, 277 et seq., 283. 

— diffuse, 277 et seq 283. 

— fundamental, 277 et seq., 283. 


— hydrogen, 193. 

— notation for, 281. 

— optical, 276 et seq. 

— principal, 277 et seq., 283. 

— sharp, 277 et seq., 283. 

Shells, and electrons, table of, 336—8, 

— and exclusion principle, 334. 


filling, 334-44. 

— K., L, &c., 293. 


— structure of atom, 298 et seq. 

— successive completion of, 303-6. 


— - tendency to form, 384. 

Sidot screen, xo. 

Siegbahn, 56, 71. 

Silver, 342. 

— atoms, oriented, 205—8. 
Singlets, 283, 285, 326, 328- 
Slater, 330. 

Smekal, 381, 411. 

Soddy, F., 12, 13, 17, 93, 126. 
Sodium atom, ground state, 321. 
Soldner, J., 232. 


Solids, amorphous, 403. 

— specific heat of, 4x2. 
Sommerfeld, 201, 204, 207, 289. 
Sound, method for velocity of, 421 - 
Space-time, 453- 



TXTTYt; 


Spark^-spectra, 287, 329, 335. 
s, p, d, f symbolism, 320. 

S, P, E), F symbolism, 320; 

Special direction, 272- 

Specific beat, and energy levels, 349. . 

and quantum theory, 412. 

of solids, 412. 

Spectra, arc, 276, 278- 
— > atomic and 'molecular, 378. 

— band, 361 et seq. 

— * continuous, 194. 

— line, 276 et seq. 

— mass, 101. 

— of divalent elements, 282 et seq. 

— rotation, 363—6. 

— rotation- vibration, 363, 366, 372. 

— series and terms, 182. 

— spark, 287, 329, 335* 

— X-ray, 53, 58. 

Jpectral lines, form of, 219. 

Spectrometer, X-tay, 70- 
Spectrum, arc, of alkali, 280. 

Spin, and Bohr atom, 314. 

— antiparallel, 327. 

— doublets, 298. 

— electron, 209, 312, 313. 

— electronic, and linkage, 390 

— energy due to, 3x3. 

— in wave mechanics, 3 14* 

— neutralizing, 390- 

— number, total, £, 320. 

— of proton, 352. 

— of two electrons, 325. 

— parallel, 327. 

— vectors, possibilities for, 325- 
resultant, 326. 

Spinning electron, 209, 312, 313, 39°* 
Spiral nebulae, recession of, 233- 
Splitting, in electric field, 211-4-. 

— of energy levels, 3x5, 316, 350- 

— of lines, 329. 

— of sodium £>-lines, 3 19. 

— Zeeman, 203. (See Zeeman effect .) 
Sponer, 394- 

Stahel, 443. 

Stark, J., 58, 137, 209, 2x1, 212, 242, 24 


323, 424. 

— effect, 201, 211-4, 217, 221, 242, 24 

273, 438. 

for H, 2 1 1— 4. 

Stars, 456. 

— masses of, 458. 

— fixed, 457. , 

States, designation of, 320. 

— of one-electron system, 322. 

— possible (n = 1 to 4), 332. 

Stationary states, 187. 

Statistical interpretation of 274. 
Statistics, and atoms, 217. 

Stefan, 145. 

Boltzmann law, 145—8. 

Stem, 205, 256. 

Gerlach experiment, 205—8, 318. 

S tetter, 88. 

Stokes, G. G., 158, 446. 

— rule, 158, 163. 

Structure of shells, 334- 

Structures, electronic, table of, 336-8. 

Stuart, 398. 

Sucksmith, 348. 

S unsoots. 4.37- 


Sun’s radiation, 456. 

Super-galactic systems, 462. 

Supersonic waves, 42 x. 

Susceptibility, magnetic, 346, 

Symbols s, p, d 9 f, 27 8, 280, 281, 283. 

— S, P, D, F, 283. 

Taylor, 208. 

Temperature, characteristic, 412, 4 r 9- 
Term diagrams, 295—7. 

— notation, 283. 

— symbols, 283. 

Terms, and series, 182. 

— calculated from lines, 184. 

— relative positions of, 330. 

— 7 spectral, 181. 

Thomsen, Julius, 345. 

Thomson, G. P., 248, 256* 

— Sir J. J., 63, 96, 98. 

Thorium, xi, 18. 

-r— in gas mantle, ix. 

— in the earth, 30. 

— series, 18, 25. 

X, 12. 

Tolman, 2. 

Tomaschek, 164, 418, 443, 446- 
Transitions, and multiplicities, 330. 

— forbidden, 287. 

— permitted, 282. 

— to new orbit, 192. 

— X-ray, 295- _ . 

Transmission, coefficient of, 140. 
Transmutation of atoms, 108—16. 
Traubenberg, xxx, 217, 357. 

Triplets,, 277, 282, 283, 285, 326, 328. 
Trouton-Noble experiment, 439, 44 2 , 44 
444, 446, 44-8, 45 x. 

Tungsten, L-lmes of, 297. 

Two-electron systems, 324, 326. 

Tyndall effect, 56, 398. 

Uhlenbeck, 209, 312. 

Uncertainty principle, 353 — 6* 

Unsold, 307. 

Uranium, 344. 

— in the earth, 30. 

— nucleus, 357* 

radium series, 18, 22- 

— rays from, 9, 18. 

— series, 25. 

X, 12, 18. 

Urey, 350. 

Valency, 2, 7. # 

— and excitation, 390, 391* 

— and multiplicity, 329, 39°- 

— electron, 306, 307, 313, 321. 

and periodic table, 344, 345* 

more than two, 327. 

several, 324. 

table of states, 344, 345 . 

three, 329. 

two, 324. 

van der Bijl, 5 1 . 

Van der Waals, 420. 
van Dijk, 96. 

Vector model of atom, 306 et seq., 324. 
i Vectors and quantum numbers, 314. 

: Vegard, 171. 

j Velocity, limiting (light), 230. 



474 


INDEX 


Velocity, signal, 428. 
Veltmann’s theorem, 431 - 
Vibration, molecular, 37 ** 
— of solids, 412. 

Vogel, 169, 


Wadsworth, C., 27- 
Walton, no. 

Wang, 162. 

Warburton, 61. 

Washburn, 96. 

Wave, electron, 243 *, , , 

— equation, Schrodmger s, 2,61, 202. 

— function, interpretation or, 209- 
lengths of electrons, 254- 

— mechanics, atom m, 21 1. 

of the atom, 257 et seq., 3 ° 7 * 

and linkages, 387- 

— motion, light as, 215, 210. 

— number, 178, ***> 19^ * 99 * 

— properties of matter, 256- 

— — representation of electron, 257 * 

Waves, from atoms, 215—9- 
Webb, 162- 
Webster, 76, 297 * 

Welsbach mantle, 152. 0 q 

Wien, W., 147* *48, 2*6, 289, 43 *- 

— displacement law, 147* x 48 » * 5 ** * 53 - 
Wierl, 251. 

Wilson, C. X. R., 37 - 

— H. A., 438- 

— - cloud chamber, 10, 15, 19 - 

Wolf, M., 459, 460. 

Wollaston filaments, 218. 

W0I2, 226. 


Wood, 157, 159 - 
Work function, 122. 


Work of separation, 122, 125. 
Wrede, 208. 


X-rays, 9 >.* 5 » »*• , 

— absorption of, 54 et seq. , 00. 
_ applications, 61. 

— and atomic number, 75 - 

— and crystals, 63 et seq. 

— diffraction of, 63 et seq. 

— in Compton effect, 234—8. 

— polarization of, 56- 

— reflection of (Bragg), 68-72. 

— scattering of, 54 et seq., 60- 

— secondary, 54> 55> 5»- 

— spectra, 73-8, 291 et seq. 

and shells, 304. 

emission of, 292, 293. 

excitation of, 291—4- 

limit of, 59- . 0 

white or continuous, 53, 5 *» 

- — spectrometer, 70. 

— wave nature of, 56 et seq. 
X-unit, 2i. 


59 , 68 . 


Zeeman, 203. 

— drag experiments, 427 . 42b. 

— effect, 2, 201, 203—5, 277, 3 * 7 ? 3 * 9 - 
anomalous, 3 17. 

classical, 204, 205. 

in alkalis, 318. 

normal , 204. 

— splitting, 203. 

— for hydrogen, 210. 

— — hyperfine, 35 °-^ 

Zero-point energy, 188, 204* 

Ziegert, 108. 

Zisch, 167. 




